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ORIFICES 
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Date of Degree : DECEMBER, 2015 
This study investigates the erosion and flow characteristics in a serial arrangement of two 
similar bevel-edged thin orifice plates with different diameter ratios and orifice spacing.  
The single or double-orifice arrangements were tested in one-inch-diameter carbon steel 
pipe. A fully developed pipe flow was ensured well upstream and downstream the orifice 
arrangement. The numerical analysis was performed on FLUENT 12.1 using the k-
viscosity model and the discrete phase model (DPM) in conjunction with relevant erosion 
correlations to predict the flow and erosion features in the orifice spacing and downstream 
the orifice arrangements. The continuous phase is water while the dispersed phase is sand. 
To verify the computational results and have a better understanding of the flow regime, an 
experimental setup was locally designed and manufactured. The flow velocity was 
measured using Particle Image Velocimeter system (2D-2C PIV) while the pressure drop 
across the orifice configurations were measured using simple manometers.  
The effects of various parameters such as pipe flow velocity in diameters 
of sand particles within the range 
plate diameter ratios of 0.5, 0.63 and 0.77 have been considered. Validation of the 
computational code was carried out through several comparisons with previous 
xviii 
computational results as well as present experimental PIV measurements. The presence of 
vena contracta downstream of the first orifice was verified computationally and 
experimentally, however the presence of vena contracta downstream of the second orifice 
was found to depend on the orifice spacing. Not only the flow structure between the two 
orifices and downstream the second orifice was found to depend on the orifice spacing but 
also the total pressure drop and hydraulic losses.  
The double orifice configuration with one pipe diameter spacing was found to produce the 
least pressure drop due to reduced hydraulic losses. The investigation of solid particle 
erosion in the entire domain revealed the presence of two critical erosion locations 
downstream the second orifice namely the recirculation and reattachment zones. The least 
erosion rate was found for double-orifice configuration with 1-D spacing. Although a high-
velocity region exists in the spacing between the two orifices, it experienced negligible 
erosion for large particle size . The results also showed strong dependence 
of erosion rates on the parameters investigated. Erosion rates increases as orifice diameter 
ratio and diameters of solid particles decreases and as flow inlet velocity increases. 
Keywords: erosion, pressure drop, multiple orifices, PIV, two-phase flow 
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CHAPTER 1 
INTRODUCTION
Many engineering applications involving internal flows utilize restrictions such as valves, 
tees bends, and orifices to achieve control of pressure, flow direction and flow rates. Due 
to the simplicity in design and ruggedness in use amongst other attributes, orifice plates in 
conjunction with carrier assemblies, pressure taps, flange and sometimes micro-computers 
are the most widely used differential flowmeter. Orifice meters are suitable for 
measurement in both steady and unsteady pulsating flows [1, 2]. As restricting orifices, 
they are used to attain a high level of atomization without cavitation even at large pressure 
difference in spray atomizers, as control measures in HVAC, for quality control in food 
processing industry and metering of high viscous liquids and calibrating tools in metrology 
of vacuum or gas flows [3]. Single orifices can also be used to enhance uniformity in flow 
distribution and exchange of heat and mass as applicable in pre-mixed combustion.  
However, the use of restricting orifices results in a high-pressure loss which may lead to 
energy loss and non-linear characteristics that intensify the effect of pulsation on various 
measurements, cavitation effect in liquids or critical flow in gases. There is also the issue 
of increased flow velocity induced by restricting orifices which enhances the material loss 
in flow accelerated corrosion. The use of multistage restricting orifices is becoming 
essential in applications requiring higher pressure drop that cannot be achieved by a single 
orifice. Some designs of multi-hole orifices and multiple orifices are suitable for achieving 
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a lower pressure drop because of their high discharge coefficient [4, 5]. A multistage orifice 
tube can be used to achieve a higher pressure drop through the effective arrangement of the 
orifices and optimum geometry design as applicable in the pipe letdown line in cooling 
systems of power plants and other process controls [6].  
The extensive application of orifice plate is due to its flexibility in usage, lesser cost and 
the wealth of data gathered over the years and documented in standards like ISO 5167, 
BS1042, ANSI, which makes design, construction and uncertainty calculations convenient. 
Moreover, the simplicity in structure, reliability and longevity of the orifice plate makes it 
different from other devices such that some of its applications may not require calibration 
before use when manufactured and installed following standard procedures. Different types 
of orifice plates in use are concentric, eccentric, segmental, quadrant edge and conical edge 
plates. Their applications are guided by standard practices like the area ratio which must 
be within certain recommended limits. An orifice is said to be thick if its thickness to 
diameter ratio (t/d) is greater than 0.5 otherwise, it is called thin orifice [7].  
Characteristics of flow through an orifice have been studied extensively both numerically 
and experimentally. Numerous works have been published for the numerical investigation 
of orifice flow using software like ANSYS CFX-10 [4], MATLAB and OPEN-FOAM 1.6 
[8] and most utilized ANSYS/FLUENT. Also, experimental investigations have been 
carried out in the past using measurement techniques such as Pitot tube, Hot Wire 
Anemometer and in recent times with laser techniques such as Laser Doppler Anemometry 
(LDA) [9], Particle Image Velocimetry (PIV) [10] etc. PIV is a non-intrusive, relatively 
accurate, reliable and convenient flow measuring technique. It is a powerful diagnostic tool 
that gives quantitative measurements of whole field velocity profile for single- or multi-
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phase flows at high temporal and spatial resolutions. This technique has contributed 
immensely to the knowledge of fluid dynamics and the advancement and continuous 
development in methodology and hardware components have placed it amongst standard 
flow measuring techniques[11 13].  
The underlining principle of orifice flow is the creation of pressure difference across the 
orifice plate. The flow pressure decreases towards the orifice windward face, decreases 
within the orifice, reaches its minimum at the vena contracta and builds up afterward. The 
behavior of single-phase flow passing through a thin orifice is such that it contracts to a 
region of minimum area downstream of the orifice known as the vena contracta with the 
minute loss of energy and irreversibly re-attaches to the pipe wall further down the flow 
channel. Whereas for a thick orifice plate, the vena contracta appears within the orifice 
opening with reattachment occurring twice at the outer edge of the orifice and at the pipe 
wall downstream. The presence of the restriction in flow paths in the form of orifices, 
valves or sudden contraction influences the flow field characteristics. An orifice plate 
placed in flow paths distorts the upstream fully developed flow in its vicinity, creates 
recirculation zones on both sides and a reattachment zone further downstream.  
The region between the orifice plate and reattachment location is important in this study 
because it is characterized by the greatest sudden change in turbulent flow parameters due 
to change in geometry [14]. This region has also been found to be most susceptible to solid 
particle erosion, flow-accelerated corrosion (FAC), and Liquid Droplet Impingement 
Erosion (LDIE).  Nemitallah et al. [15] reported that the maximum wear rate by solid sand 
particles occurs in the reattachment zone at approximately 4.4 pipe diameters downstream 
of the orifice. Thinning of pipe walls due to LDIE is prominent in the reattachment zone at 
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approximately two-pipe diameters downstream of the orifice [16].  Locations of maximum 
Mass Transfer Coefficient (MAC) due to FAC occur in the reattachment zone at 2-3 pipe 
diameters downstream of the orifice [17,18]. Internal flow fluctuations in these zones can 
also induce noise in the pipe which may excite the confining surface leading to disturbance 
of external flows [19]. 
Erosion is gradual removal of pipe materials through impingements either by solid particles 
or liquid droplet. Studies on erosion characteristics and methods of erosion mitigation have 
been an important research area over the years because of the debilitating effects of erosion 
on pipes mostly used in water treatment plants, product transportation in petrochemicals 
and petroleum industries or heat exchangers in power plants. Negative impacts of erosion 
lead to loss of revenue due to downtime of plant operation, damage of equipment or 
complete breakdown of a whole system. Hwang et al. [16] cited cases of an inch diameter 
low moisture steam extraction pipe in a 1000MWe Korean PWR and an equal diameter 
high moisture, high-pressure stream extraction pipe in Arkansas Nuclear One Unit in the 
USA where erosion caused pipe leakages downstream of the orifice in April 2013 and 
February 2009 respectively.  
The mechanism of erosion depends on several factors such as properties of target material 
in terms of hardness [20], eroding substance in terms of size, shape, concentration, impact 
velocity and impact angle [21, 22], fluid properties such as velocity and flow characteristics 
resulting from flow passage geometry [23]. The flow structure in straight sections like 
pipes are subjected to random impingements due to flow fluctuations while the nature of 
impingement on the target material is direct for flow regimes in elbows, tees or containing 
flow components such as orifices, valves. The total volumetric erosion by impact is the 
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summation of two well-known erosion mechanisms of micro-cutting and deformation 
erosion [24]. Erosion models have been developed for each mechanism in the form of 
separate discrete models and combined model [25, 26].  
Numerous studies were carried out to investigate the effects of parameters such as flow 
velocity, particle size, flow properties on erosion rate in straight pipe sections, elbows, tees 
and orifices [15, 27, 28]. The experimental studies on erosion are targeted at providing data 
for developing correlations to establish a relationship between the erosion rate and the 
controlling factors while the numerical simulations of erosion characteristics are mostly 
intended for better understanding. Different methods of reducing the occurrence of erosion 
have been devised over the years. The most common method is material selection approach 
which involves the use of composites for pipes such as 2% chromium steel. Another 
method is the design approach which involves increasing the target material thickness in 
the critical regions or fixing of protruded pipe at the point of sudden contraction was 
suggested by [29]. Badr et al. [30, 31] proposed the dynamics approach of determining the 
threshold velocity below which negligible erosion rate is observed. 
In lieu of this, this study focusses on the computational investigation of erosion 
characteristics in single and multiple orifices. Very little work has been done on the effect 
of orifice spacing on flow characteristics and study of erosion phenomenon in serial 
arrangement of multiple orifices. Most works on multiple orifices have been on 
applications requiring higher pressure drop devoid of the existence of cavitation. This work 
proposed multiple orifice configurations capable of producing lower and higher pressure 
drops than single orifice and an in-depth knowledge of their flow characteristics was seen 
to serves as the basis for understanding erosion characteristics. This necessitates the 
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experimental and computational study of flow characteristics in the single orifice and serial 
arrangement of two orifices. 
1.1 Problem Description 
The present study considers the investigation of erosion and flow characteristics 
downstream an ANSI specified thin concentric bevel-edged orifice/s of varying diameter 
ratios; 0.5, 0.63 and 0.77 placed in a 1-inch internal diameter horizontal pipe by 
computational analysis using FLUENT 12.1 CFD code. In the case of two orifices, orifice 
spacing of one and two pipe diameters was adopted based on the submission of [10] that 
the shear layer region develops from the orifice edge and merge at a distance of one pipe 
diameter downstream. The orifices are assumed to be placed in the fully developed region 
of the flow by ensuring adequate upstream straight pipe section of 35 pipe diameter and a 
downstream length of 60 pipe diameter. The fluid used is water, pipe walls are made of 
carbon steel, spherical sand particles served as erosive particles and the orifice plates are 
modeled to be wear resistant. A parametric study was carried out to study the effect of inlet 
velocity, orifice size, orifice spacing and sand particle diameter on erosion rates. The inlet 
velocities and particle diameter sizes considered were 1m/s, 2m/s, 4m/s and 
, experimental study was also carried out using 2D/2C 
digital Particle Image Velocimetry (PIV) measuring technique to determine flow behavior 
involving orifice of diameter ratio 0.63 for configurations similar to the computational 
work. The test section and orifices were fabricated from Plexiglas. 
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1.2 Objectives 
The objectives of this work are: 
To determine velocity and pressure profiles
To measure, pressure drop across the orifice plate
To study the effect of diameter ratio on flow behavior
To investigate flow fields in a series of restricting orifices
To study erosion characteristics in both single and multiple restricting orifices
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CHAPTER 2 
LITERATURE REVIEW 
Extensive work has been done in the study of flow field characteristics of a single phase of 
gasses, liquids and multiphase flows through an orifice by investigating the effects of 
parameters like flow velocity, orifice size, and pipe size numerically and experimentally. 
The important flow characteristics studied are velocity distribution, pressure distribution, 
void fraction, turbulence parameters, discharge coefficients and cavitation effects with the 
goal of establishing a relationship with the orifice geometry.  
A numerical study by CFD computations of two-phase flow through orifices of different 
geometries in terms of thickness and size was conducted by Mammatha and Sukamta [32] 
using the Eulerian-Eulerian model to determine the variation of pressure losses with 
different geometries while taking into consideration the influence of orifice plate on void 
fraction distribution. Hollingshead et al. [33] carried out performance analysis of four 
differential pressure flow meters types namely Venturi-tube, wedge, standard concentric 
orifice and V-cone based on discharge coefficient by modeling flow at low Reynolds 
number using FLUENT software and established equations for correction factors of 
discharge coefficient at low Re. The equation shows the dependence of the correction 
factor on the discharge coefficient of flowmeter type and Reynolds number.  
An extensive analysis of the effect of orifice sizes on flow characteristics for turbulent air 
flow involving a circular concentric bevel-edged orifice was done by Eiamasa-ard et al. 
[34]. The orifice diameter ratios used were 0.5, 0.6 and 0.8. They also studied the influence 
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of turbulence model on results by comparing the standard k-  model with the Reynolds-
stress model. In solving the conservation equations of mass and momentum, the SIMPLE 
ALGORITHM was employed to de-couple the velocity-pressure relationship while 
comparing three different types of convection and diffusion transport discretization 
methods namely first order-upwind, second order-upwind and QUICK. The obtained 
downstream flow has features like recirculation zone, shear layer zone, and reattachment 
zone.  Better flow representation was achieved with the second order upwind scheme. The 
RSM model prediction of flow downstream the orifice is closer to the experimental results 
than the standard k-  model. The standard k-  model under predicts the velocity 
distribution and over predicts the pressure distribution in that region. They also noticed that 
the reattachment length predicted by RSM is longer than that of the standard k-  model. 
They, however, concluded that both models are good enough for orifice flow prediction.  
Regarding the effect of orifice size, they observed that decreasing orifice size leads to 
bigger recirculation zone and longer downstream distance to re-attain uniform distribution. 
Dabiri et al.[35] determined the cavitation sites for laminar and turbulent liquid flow 
through atomizer's orifice by solving the Navier-Stokes equation for two-dimensional, 
viscous, incompressible axisymmetric flows using the Finite-Volume approach by 
Patankar [36] and made a comparison between the pressure and total stress criteria. Results 
showed that the total stress criterion gives a better prediction of cavitation for laminar flows 
than the pressure criterion, a little difference in their predictions for turbulent flow and that 
cavitation is less likely to happen at high Reynolds numbers. They explained that the 
pressure (traditional) criterion links occurrence of cavitation to the drop of liquid pressure 
below the fluid vapor pressure while total stress criterion assumes cavitation occurs when 
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the maximum principal stress (viscous stress + pressure) is lower than the vapor pressure. 
Nygard and Andersson [37] carried out numerical simulation by solving 3-D Navier-Stokes 
equation in cylindrical coordinates for an incompressible turbulent flow through a pipe 
with sudden axisymmetric constriction 
of IBM (Immersed Boundary Method) to embed the boundary conditions of the 
constriction in the equations. They obtained a good prediction for the upstream flow profile 
and attributed the slight difference in the downstream velocity profile and greater turbulent 
kinetic energy to lower Reynolds number used and the periodicity on the IBM scheme used 
and insufficient inlet length for fully developed flows when compared with experimental 
results. They also showed that the Coanda effect (causing flow asymmetry) which is 
inherent in planar symmetric flows due to the disconnected pressure profile is absent in 
axisymmetric flows because of the even distribution of low pressure along the length of 
pipe downstream.  The Coanda effect created a reduction in pressure which spreads along 
pipe length and results in asymmetric flow behavior. A comprehensive study was also done 
on the efficient analysis of flows through a pipe fitted with an orifice by Nilsson et al. [38] 
using Phoenics CFD commercial code. 
Arun et al. [39] conducted a computational study, using FLUENT, on the discharge 
coefficient of non-Newtonian fluids using SCMC (sodium salt of carboxymethyl cellulose) 
of densities 0.2, 0.4, 0.6 and 0.8 kg/m3 by varying the pipe diameter; 50, 100 and 200mm, 
diameter ratio,  Dr; 0.4, 0.6, and 0.8 and flow velocity within 100< Re<10
5. Results showed 
that for all SCMC densities, the discharge coefficient increases with Reynolds number up 
to a certain high Reynolds number where it assumes a constant value. Also, the discharge 
coefficient increases with increase of SCMC density and decreases with increase in the 
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pipe diameter at each Dr over the range of Reynolds number considered.  A model for the 
prediction of pressure drop and discharge coefficient over a wide range of Re for 
incompressible flow through orifice tube was developed by Jankowski et al. [40].  Orifice 
tube refers to an orifice with a very high thickness to diameter ratio and is mostly used for 
creeping flows. 
Computational solutions are beneficial in increasing our understanding of flow field 
behavior. In order to establish a relationship between factors influencing the flow field like 
Reynolds number, diameter ratio, flow velocity, erosion determinants, experimental works 
are required.  Bull and Agrawal [19] carried out an experimental study of turbulent flow 
characteristics in the fully-developed region of a horizontal pipe by varying the orifice 
diameter and rate at which air flows. Their results showed profiles of Mach number and 
velocities at pipe centerline, sites at which separated and reattachment flows occurs and 
the relationship existing between these flow regions and turbulence properties. 
Ramamurthi and Nandakumar [41] investigated experimentally the discharge coefficient 
and cavitation in the recirculation and reattachment region for water flowing through a 
small sharp-edged concentric orifice by varying parameters such as orifice diameter, aspect 
ratio, and Reynolds number. They explained that the inception of cavitation occurs at 
Reynolds number higher than that at which the cavitated flow reverses back to the attached 
flow. They also discovered that the discharge coefficient depends on Reynolds number and 
aspect ratio in the attached flow region and depends on the orifice diameter in the separated 
flow with cavitation. Shah et al. [8] employed a combination of experimental and numerical 
methods using OPEN-FOAM 1.6 to carry out a comprehensive analysis of orifice flow. 
They reported that the turbulent intensity value specified for inlet and outlet boundary 
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conditions has negligible effects on the velocity profiles obtained by the k-  model.  
Morrison et al. [42] investigated experimentally how the three parameters Swirl (15o, 45o) 
-ratio (0.5, 0.75) and Reynolds number (54700, 91100 and 122800) influence wall 
pressure in orifice flowmeters for air. Swirl similar to disturbances induced by pipe fittings 
like valves, bends, tees was generated upstream using a swirl generator and the pipe wall 
pressure was monitored across a length of 4D upstream to 6D downstream. They reported 
-ratio. The increase in swirl reduces the 
inlet pressure and increases the downstream wall pressure; thus, pressure drop decreases. 
Also, the discharge coefficient increases as the swirl increases. Enrique et al. [43] carried 
out a 3-D numerical study validated with experiments on the effects of vortices and dead 
zones inherent in the downstream for non-Newtonian fluid flowing through an orifice 
meter designed for such purpose. They found that a high pressure is required to minimize 
the effect of vortices and dead zones with abrupt contractions of 8:1 ratio and suggested a 
semi-hyperbolic die geometry to achieve the same results at lower pressure. 
 Dempster and Arebi [44] performed experiments to study the effects of varying flow rates 
of neighboring orifices on the bubble characteristics in a parallel arrangement of three 
orifices of similar size with 1mm and 10mm separation distance in a subcooled water 
column. They reported that the flow conditions in each orifice are independent of one 
another. Singh and Tharakan [4] compared the pressure recovery associated with a single- 
and multi-hole orifice flowmeters over an Re range of 500-20,000. The multi-hole orifice 
has one central hole and eight periphery holes arranged on pitch circle diameter sized to 
have the same total flow area as the single-hole orifice flowmeter. The CFD simulation of 
the flow of water through the two types of flowmeters considered was carried out on 
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ANSYS CFX-10 by using the finite-volume method with coupled solver to ensure fully 
implicit discretization of the equation and was used to solve pressure-velocity coupling in 
the momentum equation. The boundary conditions were specified as static pressure and 
mass flow rate at the inlet and outlet faces. They discovered that the multi-hole orifice 
flowmeter produced a better pressure recovery and has a higher discharge coefficient over 
the Re range considered than the single orifice flowmeter. They attributed the lower 
pressure drop to the smaller eddies generated downstream the multi-hole orifice. They also 
pointed out that the lower velocity magnitude downstream the multi-hole orifice allows the 
turbulent parameters to mix better and as such makes it more accurate has a flowmeter.  
Reis et al. [45] carried out a CFD simulation to model turbulent flow of natural gas through 
a non-premixed industrial burner. The burner can be taken as a multi-hole orifice. They 
also compared the different turbulence k-  models of standard, RNG, Realizable and RSM 
in terms of flow characteristics such as velocity and pressure distribution and discharge 
coefficient to determine the model that gives the most accurate representation of 
experimental data for flow through the non-premixed industrial burner. They concluded 
that the predictions of all the models agree well with the experimental results and the 
Realizable model is the most suitable in terms of accuracy and computation time. The 
standard k-  model gave the least computation time while RNG and RSM are the most 
accurate. The minimum center to center spacing of orifices on a multi-hole orifice required 
to achieve negligible influence on air flow due to neighboring orifices was determined by 
Gronych et al. [3]. They monitored the total conductance while measuring the transition to 
translational flow from molecular flow regime. They found the suitable spacing to be 
approximately thrice the orifice size.  
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Alimonti et al. [5] measured the flow characteristics of air-water two-phase flow through 
a WILLIS MOV (multiple orifice valve) which comprises of two-disc sets with equal 
orifice size. The WILLIS MOV consists of an inlet section, a diverting section followed by 
a set of discs with holes for flow regulation. A rotating disc moves over the stationary one 
to regulate the flow. Three different sizes of disc sets with varying thickness to diameter 
ratio of 1.41, 1.66 and 2.21 at orifice thickness of 30mm and a range of two-phase flow 
rates were used to analyze the two-phase multiplier, frictional pressure drop, and void 
fraction. The available two-phase multiplier correlations were adjusted by changing the 
constants to achieve a reasonable agreement with experimental results. They reported that 
the flow structure at high flow rates is in the form of separation such that the gas phase 
concentration is more at the core vortex while the valve wall is occupied by the liquid 
phase. They also observed swirl motion at the valve outlet which was related to the 
existence of radial velocity component that influences the pressure value. They concluded 
that two-phase flows are likely to have higher pressure value at the multiple valve outlet 
than liquid flow because the air-liquid flow has a lower density. 
Haimin [6] carried out experiments to determine the optimal design of a multistage letdown 
orifice tube to achieve a higher pressure drop of 14.82 MPa at a flow rate of 22.7 m3/h in 
the cooling system of a nuclear power plant. The multistage orifice tube designed is 700mm 
in length and contains 6 orifices (stages) with a constant distance of separation of 
approximately 2.4D.  The internal orifices are eccentric orifices with staggered centers 
fixed to the pipe with constant orifice sizes while the first and last orifices (inlet and outlet 
orifices respectively) are concentric removable ones. The pressure control was investigated 
by varying the sizes of orifices at the multistage tube inlet and outlet for flow of water at 
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an inlet temperature of 54.4oC. The pressures upstream the first orifice and downstream 
every orifice were recorded. They observed that the first produces the highest pressure drop 
out of the six irrespective of the method of pressure control and that the highest pressure 
drop was achieved with the smallest orifice size considered at either the first or sixth stage. 
The inlet pressure control method was chosen to have given a better total pressure drop 
(the difference between the pressure upstream the first orifice and pressure downstream the 
sixth orifice) based on the required flow parameters. They also investigated the possibility 
of cavitation effects at every stage of the optimum orifice tube design to conclude that the 
design is free of cavitation. 
A design of orifice meter was proposed by Shaaban [46] which involves the installation of 
a ring of optimum size at an optimum downstream location to achieve reduced gas pressure 
loss which invariably decreases the energy loss at even a reduced upstream installation 
distance. The ring is a sharp-edged concentric disc with 7 tapered edge.  The diameter ratio 
of the orifice is 0.5 and the range of diameter ratio and downstream location of the ring 
considered are 0.38-0.58 and 0.2D-0.7D respectively for Re = 1.8×104.  The downstream 
location of the ring was determined by the location of the vena contracta for the given 
orifice size. The optimization of pressure loss was achieved through CFD simulation and 
generic algorithm. The solution was obtained using FLUENT finite-volume approach with 
RANS flow solution in an axisymmetric domain using the Realizable k-  model with 
SIMPLEC and second order upwind discretization schemes for pressure-velocity coupling 
and convection-diffusion flow constituents respectively. The optimum diameter ratio and 
location of ring discovered are 0.5 and 0.38D respectively. Results show that the new 
design with ring produces an approximate reduction in pressure drop of 33.5% and 17% 
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increase in discharge coefficient for Re=1.8×104. The installation of ring reduces wall 
recirculation and velocity gradient in the shear layer region. 
Some studies have also been done on the experimental determination of flow structures in 
pipes with or without orifices using optical techniques. DeOtte et al. [9] investigated the 
velocity profile around a 0.5 diameter-ratio orifice experimentally using 3-D Laser Doppler 
Anemometry (LDA) for airflow at Reynolds number 54700 through a 50mm diameter pipe. 
Instantaneous velocities were obtained from the LDA which were used in calculating 
means, variances and covariances of velocity for better understanding of flow 
characteristics associated with orifices. They concluded that the trend of turbulence kinetic 
energy is such that it increases slowly from the orifice face downstream to the vena 
contracta due to the presence of the shear layer.  This is followed by a rapid increase in the 
region between the vena contracta and reattachment zone due to deceleration 
complementing the shear forces and diffuses away after the recirculation region because of 
the decrease in magnitude of velocity gradient in radial direction. The centerline variation 
of the turbulent kinetic energy was described using the covariance of velocities. 
Shan et al. [47] used Particle Image Velocimetry (PIV) measuring technique to carry out a 
detailed investigation of flow characteristics behind a square-edged concentric orifice by 
varying the Reynolds number to obtain the instantaneous and mean velocities. They carried 
out a detailed analysis of the shear layer region in relation to turbulent parameters such as 
turbulent intensity and Reynolds shear stress. A comparison between the experimental 
results from PIV and numerical results from Reynolds Stress Model (RSM) shows a good 
agreement up to the vena contracta and a slight difference beyond this point. They also 
made a comparison between orifice flows and other separated flows and concluded that 
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remarkable difference exists beyond one pipe diameter distance downstream because the 
shear layer begins to merge at an approximate distance of one pipe diameter downstream 
the orifice. 
The effects of chemical constituents of water in terms of density on flow accelerated 
corrosion, FAC rate was investigated by Rani et al. [14] by comparing the Sherwood 
number for heavy water and light water flow (based on Fe ions constituents of water) 
through an orifice at high Re. The numerical simulation was carried out using FLUENT 
12.1 and the conservation equations of continuity and momentum were solved using 
Realizable k- , RSM model. They also studied the turbulence parameters of the flow such 
as TKE, dissipation rate, Reynolds shear and normal stresses, wall shear stress and reported 
that they have maximum values in the recirculation region. The recirculation region was 
considered to be very important in this study it was believed to experience the greatest 
sudden change in turbulent flow parameters due to change in geometry and this has 
significant effects on the rate of mass transfer. There was negligible difference in the MTC 
values recorded for both water types prior to the location of peak MTC after which there 
is a reasonable difference with the heavy water flow yielding higher values due to the 
higher Fe constituents. Also, the peak Sherwood number was discovered to exist at the 
center of the recirculation region which justified the correlation of MTC with TKE.   
Wood et al. [24] studied the wear rate in straight pipe and bends for slurry flows by 
computation using a combination of CFD and erosion models and compared the results 
with wear measured with micrometer/ultrasonic equipment. A level of agreement between 
both results was achieved and they reported that the most susceptible areas to wear rates 
for slurry flows in straight pipes and bends are the side walls and exterior curved surface 
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respectively. The constituents of the slurry flow are water and sand particle of diameter 
1mm and density 2670kg/m3 and the target material is carbon steel with a density of 7850 
kg/m3. The solution procedure involves using the standard k-  model flow solution on 
FLUENT v5.4 to predict the impact velocity distribution and impact angle which were 
incorporated into modified Hashish Bitter erosion model for the determination of wear 
rates. The erosion rate distribution in upstream straight pipe section and  bends made of 
AISI 304L stainless steel for flow of water-sand mixture with 10% solid particle 
concentration by volume at 3m/s was  also investigated by Wood and Jones [48] and the 
comparison between the erosion results from their CFD simulation and experiments shows 
correctness of numerical computations. 
Badr et al. [30] determined the erosion threshold velocity in a vertical pipe with sudden 
contraction by conducting an extensive study on the effect of particle size, flow rate and 
direction of flow (up or down) on erosion rate for flow of water through a steel pipe 
contraction of 0.5. They used numerical models of the continuous phase and particle 
tracking for the prediction of flow field velocity and particle trajectory respectively. The 
results showed that erosion rates are highly dependent on particle sizes and flow inlet 
velocity. The flow direction has no effect on the pattern of flow and erosion rate except for 
larger particle diameters (400×10-6m) and medium flow velocity (5m/s). This was said to 
be due to the gravitational effect on particle trajectory. They reported that the rate of erosion 
increases with increasing particle diameter and inlet flow velocity. The velocity below 
which negligible erosion rate is observed is termed the threshold velocity and was found 
to be 2m/s.  Also, the region prone to significant erosion was found to be the inner tube 
surface of the tube sheet connecting the two pipes in the vicinity of the small pipe.  
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Badr et al. [31] investigated solid particle erosion of the entrance region linking the inlet 
header to the tube region under various erosion parameters like solid particle size and flow 
inlet velocity by simulating a real operating condition of an air cooled heat exchanger using 
commercial FLUENT software package. Air at flow velocity range 0.18-4.5m/s, the solid 
particle diameter of sizes in the range of 10-
carbon steel. They predicted the flow pattern and erosion rate by solving the time-average 
governing equations for mass and momentum and proven erosion correlations sequentially. 
The results indicated that the tube entrance region is most prone to erosion. Erosion rates 
increase exponentially with increasing flow velocity and decreases with increasing particle 
size. They also reported that erosion is bound to take place whenever particles are present 
in the flow and also suggested the possibility of determining the threshold flow velocity at 
which erosion is considered negligible for a projected lifespan of the pipe material. 
Habib et al. [29] investigated numerically the erosion of a protruded pipe situated at the 
point of sudden contraction and developed a correlation relating erosion rate to inlet 
velocity and protruded pipe geometry such as thickness and height. The essence of the 
protruded pipe was to reduce solid particle erosion in the critical erosion area. They 
considered a two-phase flow (liquid and solid) through a steel pipe with contraction ratio 
of 0.5. Their solution procedure involves the determination of the flow velocity vectors 
using the continuous phase model, solid particles motion using the Lagrangian particle-
tracking model and erosion rates were determined by semi-empirical correlation. 
Penetration rates were calculated in mm/yr. The dependence of erosion rate on flow and 
geometric parameters such as the inlet velocity (3-10m/s), the particle size (10-400×10-
6m), the contraction ratio (0.25-0.5) and geometry of the protruded pipe (height H = 2-5mm 
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and width T = 1-5mm) were investigated. They found that particle diameter and inlet flow 
velocity variations are important determinants influencing erosions. It was also reported 
that increase in thickness and height of the embedded protruded pipe decreases erosion and 
penetration rates and this was attributed to increasing pathline curvature with thickness and 
height. The most eroded protruded pipe was 2mm thick and 3mm depth. Their results 
showed that the velocity below which significant erosion rate may not be observed was 
3m/s. The authors also developed a correlation relating erosion rate to inlet velocity, 
thickness and height raised to powers 2, -0.25 and -0.2 respectively.  
Bozzini et al. [49] studied the erosion-corrosion characteristics of a four phase two 
immiscible-gas-solid particle multiphase flow in a 90  bend by studying the effects of void 
fraction, fluid velocity, and solid phase concentration using CFD capacity on FLUENT. 
They assumed that the liquid and gas phases modeled together with (volume of fluid) VOF 
model are perfectly homogeneous to deactivate the interactions at the phases interface. The 
k-  and discrete phase model (DPM) were used to solve the flow turbulence and solid phase 
tracking respectively. These were coupled with erosion model and electromechanical 
aspect of corrosion mechanism to achieve a combined erosion-corrosion effects. They 
reported that flow velocity is the most important factor affecting erosion-corrosion 
phenomenon.  Shirazi et al. [27] also developed a semi-empirical model that accounts for 
erosion parameters such as size, shape and density of solid particles and target material and 
fluid velocity, viscosity for the prediction of solid particle erosion in straight pipes sections, 
bends and tees made of mild steel and suitable for gas, liquid and gas-liquid mixture flows. 
The problem of solid particle erosion downstream of a single orifice of diameter ratio 0.5 
installed in a round pipe of internal diameter 50mm was studied by Nemitallah et al. [15]. 
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They investigated the effects of solid particle sizes, flow velocity and pipe material on 
erosion rate by applying the Lagrangian approach using FLUENT. Their results showed 
that the locations with the highest erosion rates are the downstream primary recirculation 
zone and reattachment zones. The pipe section downstream the orifice is more susceptible 
to erosion. They reported that the rate of erosion increases with increasing flow velocity, 
decreasing particle sizes for both pipe materials of carbon steel and aluminum.  Also, the 
total erosion reported for carbon steel is more than of aluminum because of the high 
ductility of the latter material.  
Based on the above review, it is believed that no previous work has been carried out on 
erosion characteristics in a multiple orifice arrangements. The aim of this work is to study 
the effects of flow inlet velocity, particle size, orifice spacing and orifice sizes on the rate 
of solid particle erosion in the sections between the orifices and downstream the second 
orifice. The key steps taken to obtain results were flow modeling by solving time-averaged 
mass and momentum conservation equations, track the solid particle trajectories using the 
Lagrangian particle-tracking technique and estimation of erosion rates using semi-
empirical erosion equations. Flow visualization and measurements were carried out with 
PIV and simple manometers for better understanding and validation of computational 
result. 
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CHAPTER 3 
RESEARCH METHODOLOGY 
The present study was carried out in two phases. The numerical analysis was carried out 
using FLUENT CFD software to investigate the erosion characteristics in a pipe equipped 
with one orifice and two orifices arranged in series at varying distances. The second part 
was based experimental measurements for flow characteristics downstream of the orifice 
with the aid of Particle Image Velocimetry (PIV). 
3.1Governing Equations and Computational Model  
The prediction of flow field for steady state turbulent flow through an orifice involves 
solving the time-averaged steady state continuity and momentum equations and adopting 
the realizable k- -layer model which suffices for single and multiphase 
flows. In order to study the erosion characteristics, Lagrangian particle tracking model was 
incorporated to predict the trajectory of particles for low-concentration one-way coupling 
simulation using Discrete Phase Model (DPM). The following assumptions were made: 
A Newtonian fluid  
An axisymmetric flow 
Constant temperature flow 
The solid particles do not interact with each other (low particle intensity) 
3.1.1 Conservation of Mass 
 ; j=1, 2   (3-1)  
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3.1.2 Conservation of Momentum 
   (3-2) 
where the stress tensor is represented as 
    (3-3) 
is the effective viscosity and  is Kronecker delta ( = 1 for i = j and 
= 0 for i  j) 
where turbulence viscosity is calculated by  ,  is expressed as a variable 
function as   where, 
and , , represents the mean-rate-of rotation 
tensor in the rotating reference frame with the angular velocity . and are model 
constants and are expressed as  = 4.04 and = 
where , , , 
3.1.3 Conservation of Turbulence Kinetic Energy (k) and Dissipation Rate ( ) 
     (3-4) 
    (3-5) 
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where represents turbulence kinetic energy production due to men velocity gradients 
and calculated as         (3-6) 
and are the effective Prandtl numbers for turbulence kinetic energy and its dissipation 
rate, respectively.  is a function of  as this shows that the model takes into cognizance 
the strain rate and streamline curvature which makes it suitable for this study and it is 
expressed as  ,  , where  is related to deformation strain tensor by the 
relation  , with = 0.5( ). The constants of the realizable 
k-  model have specified values of   = 1.9, and . 
The realizable model has been found to provide the best performance of all the k-  models 
especially for separated flows, boundary layer flows involving high pressure gradients, 
flows with complex flow structures. In the transport equations for k and  for realizable 
model expressed above, the transport equation for k is similar to other k-  models except 
for the model constants. The distinct features in the realizable model proposed by Shih et 
al. [50] are  
the introduction of new eddy-viscosity relation with a variable  as suggested by 
Reynolds [51] which is sensitive to mean flow, k and 
new model equation for  based on the dynamic equation of mean-square vorticity 
fluctuation has the generation term (second term on the right hand side) 
independent of production of k and the destruction term (last term on the RHS) not 
having singular value  (differentiating it from the other k-  models with ). 
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3.1.4 Pressure Difference 
The flow of single phase fluid through a thin orifice fixed in a pipe of flow area A
involves reversible contraction with a negligible mechanical loss to a downstream point 
of the minimum flow area Ac, known as vena contracta. This is followed by a process of 
irreversible expansion in which the fluid re-attaches to the pipe wall. Assuming that the 
between a point 5D upstre
2 and 
c = Ac
       (3-7) 
Lin [52] d as, 
       (3-8) 
c in terms of Cd
Eqns. (3-7) and (3-8) as 
        (3-9) 
The expression for contraction coefficient in Eqn. (3-9) can be compared to the common 
c below given by [1] as, 
         (3-10) 
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3.1.5 Lagrangian Particle Tracking Model 
Two important parameters related to solid particle needed for the calculation of erosion 
rates are impact angle and impact velocity. These values are deduced from the trajectory 
of the particles across the whole length of the pipe form introduction at the inlet to exit at 
outlet. Some assumptions made based on the low volume concentration of the particles at 
2% by volume are that the only effective collision occurred between the particles and the 
wall.  Also, the particles are non-interacting with each another and the effect of the motion 
of particles on the continuous phase is negligible as suggested by Benchaita et al. [53]. 
independent of the turbulence effect that exists in the flow. This is based on the report of 
Postletwaite and Nesic [54] that erosion due to random motion downstream a sudden 
expansion is relatively negligible in magnitude to erosion due to impingement. Based on 
can be expressed as 
  (3-11) 
The term on the LHS stands for the acceleration term. The first term on the RHS is the drag 
force term where FD = 3CDµRep pDp
2 ynolds number and 
drag coefficient are given as 
      (3-12) 
      (3-13) 
27 
The values of the constants ,  and  in Eq. (3-14) are given by Morsi and Alexander 
[55] for smooth spherical particles over a wide range of Reynolds number. 
The second term is the buoyancy term while the force needed to accelerate the continuous 
flow around any particle is represented by the third term  known as virtual mass force 
expressed as 
     (3-14) 
 represents the pressure force which defines the influence of presence gradient on every 
control volume of the flow domain and can be expressed as . The last term in the 
equation  represents Saffman lift force which defines force due to shear layer. The drag 
force and buoyancy force are of a higher of magnitude and of more relevance to discrete 
phases than pressure gradient, virtual mass and Saffman lift force which were neglected. 
Integration of Eq. (3-11) over time steps for each particle gives the velocity at every point 
on the trajectory. Trajectory of the particle can be predicted from the integration of Eq. (3-
15)  
  , represents position vector  (3-15) 
3.1.6 Erosion Calculations 
property, size, impact speed and angle, and material property of the pipe. Erosion ratio is 
generally defined as the ratio of mass eroded from the pipe to mass of particles impinging 
on it and it is represented by Mclaury [56] as 
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W = QFsF V
n (kg/kg)      (3-16) 
where Q, Fs , F V and n are empirical constant, particle shape coefficient, impact angle 
function, particle impinging speed and empirical coefficient respectively. For carbon steel, 
the value of Q is 15.59 × (120)-0.50 ×10-7 as specified by [57]. The values for n and Fs used 
are 1.73 and 0.2 respectively ass obtained from [58]. The impact angle function varies with 
impact angle and can be expressed as 
  F = (3-17)  
a, b, x, y, z and  are empirical constants and they vary with target materials. The values 
of these constants for carbon steel used in this work are (-33.4, 17.9 1.239, -0.1192, 1.0, 
[57] 
Another important erosion parameter which describes the depth to which erosion has taken 
place at different points on the wall is the local penetration rate. The local penetration rate 
based on average yearly rate Pn, measured in (mm/year), as represented by Eq. (3-14) is; 
    (3-18)  
Where Elc is the local erosion rate (mg/g), Ai is the impingement area (m
2),  is sand rate 
(kg/s), and  is the density of target material (kg/m3). 
3.1.7 Boundary Conditions and Solution Methodology 
The inlet condition is set as velocity inlet boundary condition, the pipe and orifice walls 
are set as walls such that the no-slip and non-penetration condition applies while pressure 
outlet condition is applied at the exit to cater for possible backflow that may occur for the 
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flow domain in Fig. 1. An axis boundary condition is imposed on the centerline and as such 
normal gradient of all properties and radial velocity are zero along it. The flow is assumed 
as axisymmetric so that it can be treated as two-dimensional flow. The turbulence length 
scale and turbulent intensity ( ) are set as internal pipe diameter and 2% respectively 
to specify inlet conditions for turbulent kinetic energy and dissipation rate.  Their values in 
the flow domain are controlled by the governing equations for turbulence model.  
In the case of boundary conditions for the erosion model, the inlet is set as surface 
injections while the outlet is specified as escape which means trajectory calculation for 
every particle is terminated once crossed. Particles with no impacts on the walls at locations 
of zero velocities trapped in circulation zones upstream and downstream also have their 
trajectory computation terminated. Particles impact velocities after every impingement is 
dependent on the type of wall being considered. To account for exchange of momentum 
between the particle and the wall, reflect boundary condition is specified at the wall with 
0.9 normal coefficient of restitution. Normal coefficient of restitution specifies the portion 
of normal momentum retained by the impacting particles after impingement. 
The equations governing the conservation of mass and momentum together with turbulence 
kinetic energy and dissipation rate are solved simultaneously over discretized volumes 
using the finite volume approach resulting into system of discretized (algebraic) equations 
which are solved using double precision, segregated, implicit scheme inherent in FLUENT 
6.3 after subjecting every control volume to the appropriate boundary conditions. The 
Realizable k-  model with SIMPLE and PRESTO second order upwind discretization 
schemes for pressure-velocity coupling and convection- diffusion respectively. The 
convergence criterion is set such that solution is reached when the residuals of mass 
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continuity, velocity components, turbulence kinetic energy and dissipation rates are 
unchanging at mass continuity equation < 10-13 and the mass-weighted average of pressure 
and velocity at 5 pipe diameters upstream and downstream and orifice face is monitored as 
done by [8]. The geometry was discretized to achieve fine grids at the walls and regions 
around the orifice for better prediction of wall parameters and abrupt change in velocity 
respectively as shown in Fig. 2. 
Figure 1 Schematics of flow domain around the orifice 
Figure 2 Mesh around the orifice 
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3.1.8 Grid Independence Test 
In order to show the independence of the solution on control volume mesh, grid 
independence test was carried out using four different grid densities with 57,310, 129,858, 
230,500 cells. A comparison of the centerline velocity magnitude profiles among the grid 
densities at inlet velocity of 1m/s and Dr = 0.63 is shown in Fig. 3. It can be seen that an 
almost identical profile was observed for cell the three mesh densities but the difference 
between 129,858 and 230,500 cells is negligibly small. This implies that more grid 
refinement will have a negligible effect on the solution since the influence of grid 
refinement is less than 2%. The 129,858 cell was chosen for accuracy and effective 
computational time. Furthermore, the numerical meshes adopted for other Dr and 
configurations were selected after subjecting various grid densities to grid independence 
test. 
Figure 3 Comparison of downstream centerline variation of axial velocity for different grids at inlet 
velocity=2m/s 
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3.1.9 Model Validation 
Figure 4. shows validation of the present computational solution with the work of Eiamsa-
ard et al.[34] using the centerline velocity magnitude profile. The validation was done by 
modeling with FLUENT the flow of water at Reynolds number = 1.84 × 104  through an 
orifice with a diameter ratio of 0.5 and thickness 3.2mm positioned in a circular pipe of 
internal diameter 25.4mm. The figure depicts a very small difference between the profiles 
which implies the correctness of the present model. 
Figure 4 Comparison between the numerical result from the present model and the experimental data of 
Eiamsa-ard et al. [15]
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3.2 Experimental Test Rig and Measurements  
The schematic of the flow loop used in carrying out experiments for single phase orifice 
flows is represented by Fig. 5. The line connecting different components in the flow loop 
is mostly made of acrylic pipe with an inner diameter of 25.4mm and an outside diameter 
of 38.3mm. Some portions are made of flexible hose to aid adjustment during orifice 
replacement. A closed flow loop was ensured with negligible leakage and the flow 
direction is anticlockwise. A tank of 100 liters serves as water storage and a medium of 
introducing seeding particle into the flow. The centrifugal pump drives water from the tank 
through the loop. Flow rate was controlled by the rotational speed of the pump and gate 
valve installed on the discharge line of the pump.  
A turbine flow meter with digital display of specifications SN:503399, MODEL: FTB791 
and K/F:2562ppg in conjunction with a gap meter with MODEL: FL-1504A and 
SN:0100100158847 installed ahead of the straight pipe section upstream the orifice inlet 
was used to measure the flow rate. The total length of the straight pipe section upstream is 
more than 60D so as to ensure that the flow assumes fully developed condition. The key 
section of this set up is the test section labeled (5) because it contains the orifice/s and 
serves as the main focus for the PIV measurement. The test section as shown in Figure 6 
was designed in a way to accommodate multiple orifices and allow flexibility in a variation 
of the distance between the orifices. The parts were machined by boring an inch diameter 
hole in a block glass block prism of rectangular cross section. The machining work was 
finished with honing the inner surface to reduce the diffraction of laser sheets. 
The test section consists of parts of 4D length at both upstream and downstream sections 
of the orifice for single orifice flow and additional parts of 2D and 1D lengths which serve 
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as orifice spacing for multiple orifice set up as shown in Fig.7.  O-rings are fitted in between 
these sections to prevent leakages. The orifice was machined to ANSI standard for Dr = 
0.5 and 0.63 with dimensions shown in Fig.8. To ensure uniformity and avoid 
misalignment which might lead to leakages, the orifices were made in the form of squares 
of 3mm thickness and matching size with other parts. Holes of sizes M3 were bored at the 
four edges of the orifices and other parts of the test section for the fastening purpose. Four 
threaded rods of diameter 3 mm were slotted through the length of the test section and 
tightened with nuts at flanges on the setup. Other fasteners employed are bolts and nuts 
that were used to fasten the flanges on both 4D upstream and downstream parts of the test 
section to the flanges on the test rig.  
Figure 5 Flow loop schematics 
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Figure 6 Sectional view of test section 
(a)
(b)
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(c)
Figure 7 Figure 3-7 Assembly of test sections of three different configurations (a) Single orifice, (b) Double 
orifice one pipe diameter (1D) orifice spacing, (c) Double orifice two pipe diameter (2D) orifice spacing 
(a)                                                                    (b) 
Figure 8 ANSI standard orifice (a) sectional drawing (b) manufactured pieces  
A section of the straight pipe downstream is made of flexible hose of the inner diameter of 
25.4mm to aid easy adjustment during assembling and disassembling of the test section 
from the setup. 
A 2D2C PIV measuring technique was employed in measuring flow velocity in the 
downstream section of the orifice. The light source which is a laser was situated such that 
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it illuminate the test section from below while the camera was placed at right angles to the 
laser, to capture images of the seeded flow fields from the front. The squared surface of the 
test section helps in minimizing optical distortion during capturing of images. A more 
effective method is to place the test section with a rectangular basin containing the same 
fluid as that flowing through the pipe. This study was focused on the downstream section 
of the orifice and an axial length of 2D  2.5D was considered due to the limitation of the 
width of light sheet by the vertical distance of separation between the light source and test 
section.  
Particle Image Velocimetry (PIV) is a type of quantitative optical measuring technique that 
is non-intrusive and provides an instantaneous measure of flow field characteristics. Its 
non-intrusive approach gives the technique an edge over other probing optical techniques 
like Laser Doppler Anemometry (LDA), as PIV techniques require no probing. This 
eliminates errors in measurements due to disturbances introduced by inserting probes in 
the flow regime which makes PIV a more appropriate technique in studies of shock waves, 
boundary layer flows etc. PIV produces a high spatial resolution of flow field which also 
makes it highly relevant in the study of spatial structures in unsteady flows [59]. 
Conventional methods of velocity measurements, like pitot tube and Hot Wire 
Anemometry (HWA), provide single point velocity measurements while PIV has the 
capability of determining whole field measurement. As the name implies, the main flow 
properties measured by PIV is instantaneous velocity. Other properties like vorticity, shear 
stress which are in the form of derivatives of velocity can be determined subsequently. 
The PIV measuring technique is sometimes referred to as an indirect velocity measurement 
technique because the actual velocity determined is that of the seeding particles from which 
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the velocity of the flow field is implied. Earlier PIV techniques had the capacity of 
determining two components of velocity in a two-dimensional plane. A comprehensive 
information on the development of PIV technique in terms of operational procedure and 
advancement in equipment can be found in [13], [60]. Velocity measurements are to be 
read in three components in order to satisfy the curiosity of researchers. Implementing 
single point measurement techniques like LDA and HWA in their 3D modified forms to 
determine the 3-components of velocity can be tedious and time expensive for large volume 
and non-stationary flows. In lieu of these challenges, different velocimetry techniques have 
been designed and they may be classified using the (l-m-n) method of [61].  
In this terminology, l = 1, 2, 3 stands for velocity components; m = 0, 1, 2, 3 signifies space 
dimensions and n = 0, 1 specifies time conditions of velocity measurements either single 
instant or complete time. Table 1 indicates various velocimetry techniques and their class 
based on the (l-m-n) method. The 2D2C PIV technique which was adopted for this study 
has been defined as (2, 2, 0) by the table i.e. velocity vector measurement is in two 
components, two dimensions at every instant. Tomographic PIV technique yields a 
complete data of velocity vector measured in the entire domain as a time-dependent 
function i.e. (3, 3, 1).  
Figure 9 represents a 2D2C PIV setup and general measuring techniques. The fundamental 
materials and equipment needed for a basic PIV measurement are seeding/tracer particles, 
light source, light sheet optics, digital camera, a computer system installed with the PIV 
software. The flow is seeded with adequate seeding particle appropriate for PIV analysis. 
Light sheet from a combination of light sources and light sheet optics beamed on the region 
of interest illuminates the seeded flow. Light reflected from the region of interest is 
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captured by a digital camera as image pairs with a pre-defined time interval ( ) of 
separation between each image of the pair. The digital images obtained are then analyzed 
with PIV software. 
Calibration images are captured separately and designated as such for the purpose of 
converting pixel measurement to object measurement. Individual image 1 and 2 of an 
image pair is divided into desirable Interrogation Areas (IA) with fewer particles to 
facilitate cross correlation process.  
Table 1 Classification of Optical Velocimetry techniques in terms of velocity components, space and time 
Technique Velocity component 
l 
Space 
m 
Time 
n 
Classification 
(l, m, n) 
No of cameras 
LDA 1(u) 0 1 (1, 0, 1) 1 
3-D LDA 3(u, v, w) 0 1 (3, 0, 1) 2 
Planar PIV 2(u, v) 2(x, y) 0 (2, 2, 0) 1 
Stereoscopic PIV 3(u, v, w) 2(x, y) 0 (3, 2, 0) 2 
High Speed PIV 3(u, v, w) 2(x, y) 1 (3, 2, 1) 2 
Double-pulsed 
Holographic PIV 
3(u, v, w) 3(x, y, z) 0 (3, 3, 0) 2 
Tomographic PIV 3(u, v, w) 3(x, y, z) 1 (3, 3, 1) multiple 
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Figure 9 2D2C PIV set-up and general measuring technique 
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Cross correlation literally means finding the particle pattern with best match by placing IA 
from image 2 on IA from image 1 of a particular image pair. This produces a signal peak 
displacement ( ) which represents resultant pixel displacement. A velocity vector can be 
calculated for this IA using Eq. (3-19). A repetition of these steps for other IAs yields a 
vector map. 
      (3-19) 
Subsequently, we take a brief look at the theoretical background in relation to the 
procedures implemented in conducting the experiments for this study. Every procedural 
step will be discussed in consonance with materials and apparatuses that constitute the 
2D2C PIV set-up. 
3.2.1 Seeding Particle 
As earlier stated, the velocity measured by PIV is that of the seeding particles. So, adequate 
knowledge of the relationship that exists between the fluid and tracer particle is necessary 
for verifying the accuracy of PIV experiments. Features of ideal particles suitable for a PIV 
analysis are:
there must be negligible difference in the densities of fluid and seeding particles 
particles must be easily visible  
they should neither interact with each other nor influence continuous phase flow 
they should be chemically inactive  
they should have diameter dp
42 
Based on the features stated above, compromises such as like better reflection of light 
which is relevant in signal-to-noise-ratio (SNR) (large tracer particles) and the need for 
tracer particles to follow the flow field (small light particles) sets in [62]. The primary 
source of error is the prominence of gravity due to the large discrepancy in the densities of 
the tracer particles and the continuous phase which implies that proper selection of tracer 
particles that matches in density with continuous phase is very important. Raffel et al. [13] 
represented the velocity lag between a particle and an accelerating fluid by 
     (3-20) 
where = velocity lag, = velocity of particle, = particle diameter, = particle 
density, = local fluid velocity, = fluid acceleration,   = fluid density and  = fluid 
dynamic viscosity. According to Li et. al. [59], proper selection of seeding particles is a 
more efficient and economical method of increasing the image density than increasing 
lighting power or particle sizes and concentration. Numerous seeding particles are 
available that are suitable for liquid flows. The method of introduction of seeding particles 
to the continuous flow is another important process that needs to be done carefully. A 
homogeneous mixture of particle and fluid is required for a complete flow field analysis 
by PIV technique [63]. Unlike aerodynamic, liquids are easily seeded by homogeneous 
mixing to achieve desired image contrast Polyamide was selected as seeding particle due 
to its relative closeness in density (1.03g/cm3) to the working fluid and its availability for 
use. 
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3.2.2 Light Sources 
PIV measuring technique require a light source to illuminate flow region of interest from 
which low images are captured. The suitable light sheet for PIV measurement should have 
a top-hat shape, be collimated, and have minimum divergence. The thickness of light sheets 
can be controlled and minimum light sheet thickness allowed for an application can be 
calculated using Equation (3-21).   
 provided  Rayleigh length > focal length   (3-21) 
Main sources of light sheets are white light, LED light, and laser light. The suitability of 
LED illumination for planar PIV experiments in water and air media was investigated by 
[64]. Laser lights are the most used light sources for PIV measurement techniques. Laser 
light sources produce high energy density monochromatic light with strong brightness and 
almost constant converging thickness that enables recording of tracer particles devoid of 
chromatic aberration when combined with sheet optics of positive and cylindrical lenses  
[13], [59]. 
Laser light sources used for PIV analysis can be grouped into three namely continuous 
wave (CW), solid-state or pulsating lasers and semiconductor lasers. Continuous wave 
laser produces a good beam of low power light within short intervals and accompanied by 
little amount of heat, solid-state laser produces high power light with high frequency which 
makes them suitable for high-speed flows, but are expensive and difficult to set-up with 
synchronizers, and semiconductor lasers (Nd: YLF) are used for small scale experiments 
as they produce lights with energy lower than solid-state lasers. The laser used for this 
44 
study was Continuous Wave (CW) Raypower2000 laser supplied by Dantec Dynamics 
with specifications stated in Table 2. 
Table 2 Laser specifications 
Specifications Raypower 2000 
Lasing medium Gas 
Wavelength 532 ± 1 nm 
Output power >2000mW 
Operating mode CW 
Transverse mode Near TEM00 
Beam diameter at the 
aperture 
3.0nm 
Polarization ratio >100:1 
Operating temperature 10-35oC 
Mains supply 100-240VAC 
3A max, 50-60Hz 
TTL modulation frequency max 10kHz 
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3.2.3 Camera 
Due to the weak light reflected by seeding particles, cameras with large apertures and high-
quality lenses are required for PIV measuring techniques [59]. Over the years, there has 
been an upgrade from photography recording cameras to digital recording cameras. Digital 
recording cameras contain charged couple device (CCD) arrays with large pixels that 
converts light into electric charges which gives the advantages of avoiding photograph 
processing, obtaining instant images of flow incidents and allowing review of incidences 
[13]. The experiments carried out in this study were done with Dantec Speedsense Camera 
9040 and lens with specifications shown in Tables 3 & 4 respectively.  
3.2.4 Particle Imaging 
Two important phenomena which affect the images of particles when carrying out PIV 
analysis are refraction through curved surfaces and diffraction limited imaging. Differing 
refractive indices of water, glass and air and curvature of interfaces causes distortion of 
images of seeding particles in terms of shapes and location when viewed from outside. 
To minimize the effects of optical distortion, several solutions has been proposed such as 
machining the exterior curved surface of the circular tubes to rectangular shapes [65]. 
They also proposed filling the circular pipe with a fluid that has a refractive index close 
to that of the pipe material, but Lowe & Kutt [66] suggested that these methods limit the 
extent of experiments. Most studies adopted the method of situating the cylindrical pipe 
in a rectangular tank filled with the same fluid running through the pipe. Figure 10 
illustrates the distortion process in relation to pipe thickness. Hidden regions and multiple 
images appear in the inner wall regions in pipes with thin radial ratio, but thicker pipes 
attenuate the power of light rays. 
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Table 3 PIV Camera Specification
Specifications SpeedsenseCamera 9040 
Sensor type CCD progressive scan 
monochrome 
Chip size (mm) 18.77 × 13.8 
Resolution (pixels) 1632 × 1200 
 11.5 
Bit depth 8, 12, 14 
 2 
Fps (full frame) 1016/508 
Table 4 PIV Lens Specification
Specifications Nikon AF Micro Nikkor 60mm f/2.8D 
Focal length (mm) 60 
f-number 2.8-32 
Distance scale (m) 0.219 - 
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The radial ratio is the ratio of outer pipe radius to inner pipe radius. Raffel et al. [13] gave 
a mathematical representation of diffraction limiting diameter ( ) in terms of light 
-number ( ) defined as ratio of focal 
length to diameter of aperture, as
      (3-22) 
3.2.5 Correlations and Data Processing 
An important step in PIV technique is image evaluation by correlation methods. To 
perform any of the correlation methods, the image map is first discretized into interrogation 
areas (IA). The common sizes used are 16×16 pixels or 32×32 pixels and the choice of size 
depends on desired accuracy, resolution and quality of the image maps. To achieve 
optimum results in PIV, the number of particles per IA should be in the range 8-25.The 
peak displacement vector of each IA is determined through statistical techniques realized 
by either digitally performed Fourier algorithms or Optical techniques. Such statistical 
techniques are important since visualization of matching pairs is quite impossible in PIV 
analysis. In similitude to signal analysis, statistical evaluation applies correlation theory to 
determine the displacement between two-dimensional images with time interval [13].  
Correlation in this domain is of order (N4) which implies a quadratic increase in 
multiplication per correlation value in relative proportion to IA. Fast Fourier Transform 
(FFT) built on frequency domain provides a more efficient, faster and less computational 
correlation platform. Two-dimensional FFT has order of operation ( ) and it 
capitalizes on the symmetry and anti-symmetry of the real and imaginary parts of functions 
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to half computation time. Raffel et al. [13] provided a broad explanation of different 
correlation applications. 
 (3-23) 
 and A have been introduced to represent the separation vector and the interrogation area 
respectively. 
A brief look at the mathematical representation of cross-correlation for image pairs. The 
cross-correlation of the two interrogation areas can be written as 
 (3-24) 
Figure 10 Distortion of light rays due to curved surface and refraction for radial ratios (a) 1.33 (b) 1.1 (adapted 
from Lowe & Kutt [66]) 
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If we make a differentiation of the terms representing the correlation of particle images 
with themselves (i = j) from the terms representing the correlation of a particle image with 
-24) can be represented by 
   (3-25)
Where is the convolution of the mean intensities and gives a 
-correlation 
analysis is based on , which gives the convolution of matching particle pairs 
between the first and second exposures (i = j) and can be written as  
    (3-26) 
 represents the correlation of an image of a particle. For a better understanding, 
refer to Raffel et al. [13]. 
3.2.6 Application 
As stated earlier, image analysis involves dividing into smaller uniform IA followed by 
applying the cross-correlation algorithm. In order to achieve optimized results, the 
following rules have to be followed, 
A minimum of number of particles (15) should be present in an IA to achieve at 
least 90% detection of valid particles 
The relation between the size of IA (w) and maximum velocity gradient is 
represented by 
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One-quarter rule must be adhered to minimize loss of data. The quarter rule is that 
the maximum displacement of particles between image pairs should be ¼ of the IA 
size. 
The time sequence between consecutive pulses of the laser must be adjusted such 
that it is not lesser than the equivalence of 8 pixels in order to prevent a reduction 
in velocity dynamic range. 
Once the size of IA and time delay is selected 
pix2) the light intensity distribution of each pixel in an interrogation window is cross-
correlated between image exposures. The displacement vector of a particle is derived as 
the displacement between the correlation peak and the center of IA. The normalized 
correlation function (Equation 3-26) is based on spatial domain and will involve a long 
processing time as stated earlier. The temporal domain is exploited to overcome this 
setback based on the correlation theorem that the cross correlation of two functions is 
equivalent to the complex conjugate multiplication of two Fourier Transform. 
    (3-27)
The most suited method of solving the discrete correlation function is by the FFT which 
can be written as 
    (3-28) 
conjugate and × is the piecewise multiplication of frequency components. Westerweel [63] 
suggested sub-pixel analysis to minimize the bias error introduced in the determination 
displacement vector. 
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Subsequently, we describe the set-up of planar 2D2C PIV experiment for the measurement 
of velocity components in the downstream section of an orifice.  
3.2.7 Procedures 
Here, we outline the apparatus set-up, flow set-up and optimization, experimental runs and 
data processing. 
3.2.7.1 Apparatus set-up 
1. To set-up the PIV, we determine the appropriate distance between the camera and 
the test piece section (object). For instance, using a camera resolution of 1152 × 
sensor in 
metric units is 13.248 × 5.52 mm. The focal length of the lens is 60mm. We can 
calculate the field-of-view (FOV) based on the horizontal and vertical angle of 
views as expressed in Equations (3-37) and (3-38) respectively and object distance. 
FOV is the portion visible to the camera based on orientation and position and it 
depends on focal length, sensor size, and object distance. The diameter of the pipe 
which is 25.4mm and the distance scale of the lens within which objects can be 
brought to a focus is set as 219mm - 
and to create room for camera adjustment, the object distance can be fixed at 
279.4mm (11D). Then, the FOV obtained based on these values is 61.69 × 25.70 
mm. 
, in degrees      (3-29)  
, in degrees      (3-30) 
where h and v represents x and y size of camera chip. 
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Estimate the maximum velocity Umax is the downstream section of the 
orifice. From theoretical knowledge, the maximum velocity will be at the 
vena contracta and an idea can be gotten from computational results. This 
value is needed to determine recording parameters such as sample rates and 
exposure time (dt) in consonance with PIV guidelines. For example, 1152 
× 480 pixels resolution is used for is 61.69 × 25.70 mm2
i.e. 61.69 mm = 1152 pixels.  
max
Time for the particle to travel 8 pixels (one- 8
8/10 
8
The exposure rate determines the time delay between pulses of the laser. In 
this case, this value is recorded when importing images to PIV Dantec 
Dynamic studio. Also, the sample rate must not exceed the maximum 
allowable frame rate of the camera. The sample rate increases with 
decreasing resolution.  
2. Align the laser with test section 
The distance of center of pipe from the board is 6.61 cm while the distance 
from the base of laser head to the center of the laser aperture is 4.5 cm. The 
laser had to be raised by a platform with 2.21 cm thickness. The platform 
was fabricated to permit movement of the laser along pipe axial distance. 
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connect the laser to power source, here 110V.  
The laser should be set to a low current setting to give laser light strong 
enough to graze the test section to check for alignment of laser light with 
pipe centerline  
Switch off the laser. 
3. Set-up and align the camera 
Place the tripod at a distance within the depth of field that guarantees a clear 
view of the pipe centerline. Here, an estimate of the depth of field based on 
the lens specification and calculated distance between the test-piece and 
camera is 277.8 mm  279.4 mm. 
Set the camera using the tripod and bubble gage in achieve alignment and 
stability.  
Switch on the camera, load the PCC camera program on the computer 
system and adjust the camera to focus on the test piece. 
 Cover the camera lens with the cap and carry out intensity calibration. 
Remove the cap and return to continuous grab mode. Adjust the camera 
resolution to accommodate the desired FOV (for example 60mm × 25.4mm 
corresponds to 1152 × 480 pixels). 
4. Flow Set-up 
Prepare a homogeneous mixture of seeding particle and add to water tank. 
 Keep the flow running for some minutes to enhance mixing and correct 
possible leakages 
Adjust the flow rate to the desired value using valve upstream the pump  
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5. Set-up optimization 
Enter the sample rate into the PCC program and adjust the exposure time.  
Switch on the laser and set the current to the highest value (here, 5.7A). 
Then check for saturation of the camera by the image intensity. Adjust the 
laser current if such is noticed. 
Record hundreds of images, preview recorded images to check for image 
density, particle drift, and out-of-plane motion and make the necessary 
adjustment to recording parameters to achieve improved PIV images. 
Check that the image density is suitable for PIV technique and verify the 
focus of the images. Particle images must be 8-15 particles per 32 × 32 pixel 
IA.  A simple approach is to count the number of particles in the cross-hair. 
The size of the cross-hair is approximately 32×32 pixels. Increase a number 
of seeding particles to meet this condition if not met. 
The particles must follow the one-quarter rule i.e. particle drift must not be 
more than 8 pixels for 32×32 pixel. If the particles shift more or less, 
decrease or increase time delay dt respectively.  
If a group of particles is difficult to track due to out-of-plane motion, it can 
be rectified in two ways. Offset the camera from the focal point to increase 
the light thickness or increase the depth of focus by increasing the distance 
between the camera and light sheet. 
55 
6. Experimental Runs 
Perform a camera intensity calibration with the cap on the camera assembly 
to set a reference for the intensity. Once calibration is finished, remove the 
cap. 
Set the laser to the optimized repetition rate and current. Before switching 
the laser to external mode, make sure the laser receives a continuous trigger 
signal that matches the set frequency. Turn the laser on. 
Run the pump and adjust the valve until the desired flow rate is set and flow 
stabilizes. 
Set the mode of the camera to Continuous grab and check that the particle 
images are focused. 
Set the mode of the camera to Record and save the desired number of 
images. 
Turn off the laser when recording is finished. Review the images to check 
for particle density, particle shift and out-of-plane motion. 
Take more runs and record more images.   
Images of flows were acquired as single frames with the camera using the PCC studio. 
Proceeding to the PIV analysis, the images were exported to Dantec Dynamic Studio and 
stored in the database as normal images to notify the system that they are meant for 
measurements. The field of view method of calibration was adopted for this study to inspect 
and modify origin and scale factor used in converting image plane (pixels) to object plane 
(metric units) by specifying the height which is equivalent to the pipe diameter Then the 
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analysis sequence displayed in Figure 11 was applied to the normal images stored in the 
database. A brief look into each step of the sequence goes thus; 
1. Making Double Frame; this process is applied to the raw images to convert them 
from single frames to double frames by combining them in twos. This was done by 
specifying N/2 double images in the option. 
2. Image Min and Max; this method is a subset of Image Processing category and it is 
used to determine the field of minima/maxima over a series of images. Here, the 
method is used to extract the field of minima from the paired raw images obtained 
from the previous conversion. It returns one image. 
3. Image Arithmetic; this method allows performing arithmetic (addition, subtraction, 
multiplication and division) on pixel values of any image type like 8, 10 or 12-bit. 
Here, it is used to subtract the minimum image from step (2) from the raw images 
in step (1). This is a form of background subtraction technique to remove 
background noises from the raw images. 
4. Image Mean; this calculates the average intensity of corresponding pixels (pixels 
with identical coordinates) in all selected images. The images must be compatible 
in terms of dimensions and grayscales. The inputs for this step are images from step 
(3) and the output is a single map. 
5. Image Processing Library (IPL)-Blur; this module contains filters like low-pass 
filters, high-pass filters, Morphology, signal processing, utility and threshold that 
can be used smooth images, detect edges, enhance image contrast, carry out non-
linear calculations. The image from step (4) is processed to reduce the particle 
image intensity by blurring. 
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6. Image Arithmetic; this is used to subtract output image of step (5) from the raw 
images obtained in step (3). The aim is to reduce the intensity of each image in the 
ensemble. 
7. Image Processing Library (IPL); here we applied Gaussian filters (5×5) twice to 
images from step (6) to smooth the images. This step makes the images of particles 
more visible. The Gaussian filter is a linear low-pass filter like mean filters but 
differs is the sense that it weighs grayscale at the center of kernels higher than those 
at the edges. 
8. Image Min and Max; this step selects the minimum field form images from the 
output of step (8). 
9. Image Arithmetic; this is used to subtract output image of step (8) from the raw 
images obtained in step (7). The aim is to check the numeric diffusion that may 
have been introduced by applying filters. 
10. Adaptive Correlation; Correlation algorithm is applied to output images from step 
(9) to generate vector maps. Adaptive correlation is a form cross-correlation with 
additional post-processing algorithms like local validation. It calculates velocity 
vectors by specifying an initial IA (256×256) with size multiples (N=refinement 
steps) of the size of final IA (32×32) and uses the intermediate results as 
information for the next smaller size till the final IA is attained. Additionally, 
processes like local validation to detect bad vectors, the overlap of IA to 
compensate for the loss of vector field resolution, high accuracy module, and 
window deformation were applied to the images using this correlation type. Local 
validation was achieved through Peak Validation and Local Neighborhood 
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Validation. The overlap of IA was achieved with 50% overlap between IA pairs in 
both horizontal and vertical directions. The velocity vectors were obtained from 
displacement vectors and time interval using the Central Difference Scheme which 
is the most accurate methodology suitable for PIV measurement.  
11. The high accuracy sub-pixel interpolation is part of the adaptive correlation 
algorithm that is used to determine correlation peak.  
12. Vector Statistics: this calculates statistics from multiple vector maps and presents 
the results of mean velocity vectors in a vector map. Other statistical quantities 
calculated are standard deviations, variances, and covariances between different 
velocity components.  
Figure 11 Analysis Sequence
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CHAPTER 4 
FLOW FIELD CHARACTERISTICS 
Results obtained from computational investigation of flow characteristics for the three 
geometries considered; single orifice flow, double orifices with one-pipe diameter spacing 
and double orifices with two-pipe diameter spacing are presented here. These results are 
presented in such a way to enable discussion of flow field characteristics for single orifices 
of diameter ratios 0.5, 0.63 and 0.77 at inlet velocities 1 m/s, 2 m/s and 4m/s. This is 
followed by results of the other geometries for the diameter ratios and velocities specified 
above together with comparisons with single orifice geometry. 
4.1 Main Flow Features  
Orifices influence flow field both upstream and downstream of the orifice plate. Figure 12a 
represents the velocity vectors for single orifice of diameter ratio, Dr = 0.63 at Vi= 2m/s. It 
is evident that the fully developed velocity profile becomes distorted as the flow 
approaches the upstream face of the orifice plate. The flow accelerates towards the orifice 
throat by contraction process which extends downstream the orifice as the flow is driven 
by the vortex structures formed due to flow separation to a point of minimum area of jet 
flow called vena contracta. Downstream of the vena contracta the flow decelerates and 
continues to develop until reaching the fully developed region. The vena contracta takes 
place at the section of maximum velocity and minimum pressure as shown in Fig. 12b. 
Figure 13 is a plot of lines of constant stream function which shows the streamline patterns 
for flows involving orifices of Dr = 0.5, 0.63 and 0.77 in a single orifice configuration for 
60 
the case of Vi = 2 m/s. It can be seen that there are regions of recirculation immediately 
downstream of the orifice plate and reattachment further downstream. 
on-
velocity relation; , it can be deduced that the region with dense 
streamlines has higher velocity since the streamline spacing is very small and vice versa. 
Then, the velocity decreases towards the reattachment zone far downstream of the orifice 
plate. It is also evident that as the orifice diameter ratio decreases the recirculation zone 
gets larger. This invariably causes more vortex pairing bringing about increased velocity 
as will be shown later. These regions are very important in studying erosion features. 
Previous studies by [17] showed that separation of flow at the throat of an orifice produces 
downstream field features possessing higher velocities, streamlines with large curvatures, 
formation of recirculation and reattachment zones. 
(a) 
(b) 
Figure 12 Contour plots of velocity vectors and velocity magnitude (m/s) downstream orifice, for single orifice 
Dr = 0.63, Vi = 2m/s: (a) Velocity vectors and (b) Velocity magnitudes
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(a) Diameter ratio = 0.5 
(b) Diameter ratio = 0.63
(c) Diameter ratio = 0.77
Figure 13 Comparison between streamline plots for a single orifice at Vi = 2m/s, cases of (a) Dr = 0.5, (b) Dr = 
0.63, (c) Dr = 0.77 
The effects of placing a second identical orifice at axial distance of 1D and 2D downstream 
on velocity distribution, pressure drop and skin friction coefficient were also investigated. 
From the contour plots of velocity vectors and magnitudes shown in Fig.14, the upstream 
conditions and occurrence of vena contracta associated with the first orifice is qualitatively 
similar to those observed for a single orifice flow. It is clear from the figure that the location 
of the second orifice at 1D or 2D spacing disrupts the recirculation and reattachment 
processes caused by the first orifice respectively.  
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This causes the whole annular region between the two orifices to be occupied by 
recirculation zones as shown in Fig.15. 
In the case of 1D spacing, the flow structure in between the two orifices is characterized 
by a jet-like flow in the inner region (core region) surrounded by a donut-shaped vortex 
(recirculating flow) in the outer region (wall region). This recirculating flow region is 
characterized by higher vorticity near the upstream side of the second orifice and lower 
vorticity in the leeside of the first one. As for the region between the two orifices in the 
case of 2D spacing, a longer recirculation zone occupies the entire length of orifice spacing. 
A second low velocity recirculation zone (almost stagnant fluid zone) exists near the 
second orifice.  
The streamlines in the core region between the two orifices in the case of 2D spacing 
(Fig.15b) indicate wider jet associated with lower axial velocities in the immediate 
neighborhood (upstream region) of the second orifice. This gives rise to the formation of a 
vena contracta downstream of the second orifice due to the streamtube contraction 
(Fig.15b). This makes the flow structure upstream and downstream of the second orifice in 
the case of 2D spacing totally different from that in the 1D spacing (Fig.15a). The presence 
of this vena contracta downstream of the second orifice led to the formation of a 
recirculation zone possessing higher velocity and higher vorticity in comparison with that 
in the case of 1D spacing (Fig.15a).  
In addition, the flow structure upstream of the second orifice in both cases of 1D and 2D 
orifice spacing is completely different from that upstream of the orifice in the case of single 
orifice configuration. The jet-like flow approaching the second orifice (Fig.15a,b) has a 
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significant impact on the flow structure downstream of the second orifice, thus affecting 
the velocity distribution, separation and reattachment flow zones as well as the vortex 
formation and recirculating flow zone.  
Single orifice-1D-separation 
Double orifice-2D-separation 
          (a)
Double orifice-1D-spacing 
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Double orifice-2D-spacing 
(b) 
Figure 14 Contours plot of velocity vectors and velocity magnitude (m/s) downstream orifice, for Double orifice 
with     Dr = 0.63, Vi = 2m/s: (a) Velocity vectors and (b) Velocity magnitudes
(a)
(b)
Figure 15 Comparison between streamline plots for double orifice of Dr = 0.63 and Vi = 2m/s with (a) 1D and (b) 
2D spacing 
4.2 Axial Velocity and Vena Contracta 
The location of vena contracta was determined by identifying the point of maximum 
centerline axial velocity. Figure 16 shows the variation of the downstream centerline axial 
velocity normalized with the average axial velocity at different inlet velocities for single 
orifice with Dr = 0.63. It can be seen that the location of peak normalized axial velocity for 
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the average velocities considered is approximately at X/D = 0.5 which invariably indicates 
the position of vena contracta in this region. This agrees very well with observations of 
location of vena contrata at approximately X/R = 1 obtained by Shan et al.[10]. It is also 
observed that varying inlet velocities has negligible effect on the position of vena contracta 
and small effect on the normalized axial velocity variation. In this study, similar trend was 
observed for orifices with different diameter ratios. Also, the flow re-attains its mean axial 
velocity at approximately x = 8D for all velocities considered. 
In the case of double-orifice arrangement, the location of vena contracta downstream of 
the first orifice is approximately at X/D = 0.5 for both cases of 1D and 2D orifice spacing 
as shown in Fig. 17. This is similar to what is observed for single orifice. So, it can be 
deduced that the presence of second orifice at 1D or 2D spacing has negligible effect on 
the location of vena contracta of the first one. Also, the normalized centerline axial velocity 
variations in both double-orifice arrangements show little changes with inlet velocities. 
Figure 17a shows that one peak velocity exists in double orifice-1D-spacing which is 
caused by the first orifice. On the other hand, the axial velocity variation shown in Fig. 17b 
for double-orifice arrangement with 2D spacing indicates the presence of two local peaks 
with a trough in between.  
The first local peak is associated with the first orifice plate while the second local peak is 
due to the presence of the second orifice and located at approximately x/D = 2.2 (i.e. at a 
distance of 0.2D downstream of the second orifice) which is closer to the second orifice in 
comparison with that downstream of the first one. The figure also shows negligible 
dependence of that location on the flow average velocity. This can be explained with the 
help of the streamlines plotted in Fig.15b that shows little contraction in the streamtube in 
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the immediate neighborhood of the second orifice (upstream side) in comparison with that 
upstream of the first one. Accordingly, the turning point at the trough can be attributed to 
the contraction process that sets in as the jet-like flow approaches the entrance of the second 
orifice. Figure 17b also indicates that the second peak is slightly higher than the first one. 
Further downstream, the flow decelerates towards the reattachment zone and thereafter 
attains the mean flow velocity.  
Figure 16 Centerline axial velocity plots for a single orifice with Dr = 0.63 at inlet velocities 1, 2 and 4m/s 
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(a) 
 (b) 
Figure 17 Normalized Centerline axial velocity plots of Dr = 0.63 at inlet velocities 1, 2 and 4m/s for (a) Double 
orifice-1D-spacing (b) Double orifice-2D-spacing
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Figure 18 shows the plot comparing the downstream normalized centerline velocity of 
different configurations of single orifice, double orifices with 1D and 2D spacing for Dr = 
0.63 and Vi = 2m/s. It can be seen that the peak velocity associated with the single orifice 
and the first orifice of double-orifice arrangement exists in the same location but with 
slightly higher velocity in double-orifice cases. The normalized axial velocity profile for 
double orifice with 1D spacing shows a trend of steep slope similar in magnitude to that of 
single orifice flow. But the steep slope extends further by approximately x = 0.5D beyond 
that of single orifice before it changes to higher negative slope. This is attributed to the 
presence of the second orifice that helped to maintain the jet-like flow over longer distance 
thereby delaying the sharp drop in velocity signifying the approach of the reattachment 
zone.  
In the case of double orifice flow with 2D spacing, a second peak occurs downstream the 
second orifice due to the contraction process and presence of vena contracta. A comparison 
among the velocity magnitudes in the immediate region downstream the second orifice in 
two orifices configuration and that of single orifice shows that the double orifice with 2D 
spacing has the highest velocity while that of 1D spacing has the lowest velocity. The flow 
structure and velocity magnitudes downstream of the second orifice are very important in 
the study of solid particle erosion in orifice flows. 
The centerline axial velocity profiles shown in Fig.19 indicate that highest and least 
maximum velocities are associated with orifice plates with smallest and largest diameter 
ratios respectively. This is quite expected since the stream tube contraction occurring in 
orifices with smaller Dr is much larger than that occurring in large Dr orifices. The trend is 
such that orifice sizes of 0.5, 0.63 and 0.77 give approximate maximum normalized axial 
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velocities of 6.0, 3.73 and 2.32 respectively. The effect of varying diameter ratios on axial 
velocity distribution for double orifices with 1D and 2D spacing follows the same trend as 
that presented in the case Dr = 0.63 as shown in Fig.20. It is clear from the figure that the 
centerline axial velocity decreases as the diameter ratio increases. It is also evident from 
the profiles that the negative axial velocity gradient after the peak increases with decreasing 
diameter ratio. Also, the position at which the flow re-attains its mean axial velocity 
downstream the orifice/s is approximately at x = 8D for all configurations and all diameter 
ratios considered. 
Figure 18 Comparison of centerline axial velocity for different configurations of single orifice, double orifice 
with 1D and 2D spacing for Dr = 0.63 and Vi = 2m/s 
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Figure 19 Comparison of centerline axial velocity plots for a single orifice with Dr = 0.5 0.63 and 0.77 and Vi = 
2m/s
(a)  
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 (b) 
Figure 20 Comparison of centerline axial velocity plots of different Dr =  0.5, 0.63 and 0.77 for (a) double orifice 
with 1D-spacing (b) double orifice with 2D-spacing, case of Vi = 2m/s
 4.3 Pressure Drop 
Another important property characterizing flow through an orifice is the pressure drop. It 
is known that the pressure variation in an orifice flow depends on the following; 
flow average velocity, Uav
orifice diameter ratio, Dr
axial distance, x 
orifice spacing for double orifice arrangement, S 
Mathematically, this can be expressed as, 
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   (4-1) 
-theorem, the relation between the above variables can be written 
in dimensionless form as, 
    (4-2)
The term on the left hand side is known as pressure coefficient (Cp). This study investigates 
the effect of all independent variables on the pressure coefficient 
except for the relative roughness ( /D) since the pipe surface is assumed smooth. 
In this section, the effects of varying inlet flow velocity (Vi = 1 m/s, 2 m/s, 4 m/s), geometry 
of orifice plates (Dr = 0.5, 0.63, and 0.77) on the pressure drop in the three different 
geometries of single orifice and double orifice with 1D and 2D spacing is considered in 
some detail. A typical static pressure variation has a linear portion in the far upstream and 
far downstream zones, both having equal negative gradient in the downstream section. The 
pressure drop caused by the orifice results from the abrupt change in the flow passage 
cross-sectional area causing high level of turbulence and thus creating considerable 
hydraulic losses.  This pressure drop can be obtained from the computed (or measured) 
static pressure variation by extrapolating the far upstream and far downstream linear 
pressure variations towards the orifice plate. The difference in pressure values at the 
upstream and downstream sides of the orifice plate (x=0) gives the pressure drop caused 
by the orifice as can be seen in Fig. 21. 
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The value of p given in Eq. (4-1) represents the difference in pressure between any given 
location and a reference pressure. The selection of the reference pressure differs from one 
study to another.  For example, Ahmed et al. [17] chose the outflow pressure (pout) as the 
reference pressure in their analysis. The value of reference pressure can also be taken as 
pressure value (p5d) at an axial distance of 5-orifice diameters upstream the orifice plate as 
used by Manmatha & Sukanta [32]. The reference pressure adopted in this study is the 
static pressure (P5D) at axial distance of 5D upstream the orifice plate (i.e. x= 5D). 
Accordingly, the pressure further upstream with values higher than P5D has positive values 
while pressure downstream of that location have negative values. In this study, the origin 
is selected at the orifice plate which makes the upstream and downstream regions have 
negative and positive axial locations respectively.  
Figure 21 
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4.3.1 Pressure Variation in Single Orifice Flow 
The wall surface pressure distributions for single orifice flow at an inlet velocity = 2 m/s 
through a pipe of internal diameter 25.4 mm containing orifices of diameter ratios, Dr = 
0.5, 0.63, 0.77 are shown in Fig. 22. The pressure profile shows a steady decrease in 
pressure as the flow approaches the orifice plate followed by a large drop over a short 
distance from a location around 1D upstream till it attains a minimum value in the 
downstream section. The magnitude and location of the minimum pressure attained varies 
with diameter ratio of orifices. As expected, orifices with smaller diameter ratio produce 
the lower minimum pressure compared to larger diameter ratios. Likewise, the axial 
pressure drop across orifices decreases with increasing diameter ratio. A simple 
explanation of this is based on the application of the one-dimensional energy equation for 
steady incompressible.  
This results in lower pressures at the plane of the vena contracta as Dr decreases. Further 
downstream of the location of minimum pressure, there is a sharp rise in magnitude of 
pressure over a distance of around 4D till it attains a peak value in the downstream section. 
This is due to the diffuser shape of the stream tube starting from a minimum jet flow area 
at the vena contracta to a larger flow area downstream. The downstream peak pressure 
value is located in the reattachment region where flow expansion is most prominent. 
Downstream the point of peak pressure value, the pressure continues to decrease having 
negative pressure gradient towards the exit section where the flow re-attains its fully-
developed velocity profile possessing a linear negative pressure gradient. 
The variation of pressure coefficient (Cp) with normalized axial distance at different inlet 
velocities for an orifice with Dr = 0.63 is shown in Fig. 23. It is evident from the negligible 
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difference among the three profiles that variation of Cp has little dependence on inlet 
velocity and invariably little dependence on Reynolds number. Also, it can be observed 
that the minimum pressure for the inlet velocities considered occurred around x = 0.5D 
downstream the orifice, which coincides with the region where the vena contracta exists. 
Figure 24 shows a plot of pressure coefficient, Cpe (based on exit pressure, pe, as a reference 
pressure), in the downstream section for the three orifice diameters ratios considered for 
the case of Vi = 2m/s.  
The variations of Cpe for the three diameter ratios are similar but differs quantitatively up 
to x = 5D. The minimum values of Cpe for the diameter ratios considered exist at the vena 
contracta section at approximate locations of x/D = 0.26, 0.5 and 0.8, for orifices with Dr
= 0.77, 0.63, and 0.5, respectively. The pressure then increases until reaching a downstream 
peak pressure value at approximately x = 5D in the reattachment zone followed by a steady 
linear negative pressure gradient towards the exit section. The most remarkable decrease 
in Cpe was produced by the orifice with Dr = 0.5 while the least by the one with Dr = 0.77.  
4.3.2 Pressure Variation in Double Orifice Flow 
The pressure variation for double orifice configurations is similar to that of the single 
orifice in the upstream section. The pressure distribution along the pipe axis possesses a 
small negative gradient followed by a large negative gradient until reaching the minimum 
pressure at the vena contracta. The pressure variation for double orifice with 1Dspacingis 
plotted in Figure 25a for orifice plates with three different diameter ratios (Dr = 0.5, 0.63 
and 0.77) for the case of Vi=2m/s.  
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Figure 22 Variation of static pressure variation with normalized axial distance as a function of diameter ratio 
for a single orifice flow at Vi = 2m/s 
Figure 23 Variation of Cp with normalized axial distance as a function of inlet velocity for a single orifice flow 
with Dr = 0.63 
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Figure 24 Variation of Cp with downstream normalized axial distance as a function of diameter ratio for single 
orifice flow at Vi = 2m/s 
It is clear from the pressure distribution that there is only one location of minimum pressure 
with a magnitude depending on the orifice diameter ratio. This agrees very well with the 
streamlines plotted in Figure 15a indicating the presence of one vena contracta downstream 
of the first orifice and the absence of such phenomenon downstream of the second one.   
Figure 25a also indicates a positive pressure gradient across the location of the second 
orifice for all of the three diameter ratios. A simple comparison between Figures 22 and 
25a shows a higher pressure gradient  downstream of the vena contracta in the 
case of double orifice with 1D spacing compared to that of a single orifice. Another 
interesting phenomenon, in the case of 1D spacing, is the existence of a positive pressure 
gradient across the second orifice for the three diameter ratios of Dr=0.5, 0.63 and 0.77 
(Figure 25a). This can be explained based on the variation of the flow velocity along the 
pipe axis plotted in Figure 20a for the same cases. The figure indicates a flow deceleration 
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across the plane of the second orifice with a higher rate for the orifice having Dr=0.5 and 
much lower rates for the other two. Such flow deceleration will definitely cause a positive 
pressure gradient in the downstream direction.  
Figure 25b shows the pressure distribution for double orifice arrangement with 2D spacing 
for the same three orifices (Dr= 0.5, 0.63 and 0.77).These pressure distributions are totally 
different from those of 1D spacing presented (Figure 25a) due to the presence of two vena 
contract as (one downstream of each orifice) creating two points of local minimum 
pressure. In addition, the total pressure drop caused by the two orifices is much higher in 
the case of 2D spacing than that of 1D spacing.  One can also observe the negative pressure 
gradient across the second orifice plane due to the flow acceleration manifested by the 
velocity distribution along the pipe centerline plotted in Figure 20b. This is contrary to 
flow behavior across the orifice plane in the case of 1D spacing.  Accordingly, the flow 
structure through the double-orifice arrangement is strongly dependent on the orifice 
spacing which affects not only the velocity and pressure distributions but also the total 
pressure drop. The effect of orifice geometry on the total pressure drop is very clear in 
Figure 25a and 25b where orifices with smaller diameter ratios result in much higher 
pressure drop. 
Another interesting phenomenon is found when comparing the values of the pressure drop, 
p, between far upstream and far downstream (x= 5D and x=8D) of the orifice plate for 
the two cases of double orifice with 1D spacing and Dr=0.63 (Figure 25a) and a single 
orifice having the same diameter ratio (Figure 22) considering the same inlet velocity, Vi=2 
m/s. The obtained pressure drop in the case of double orifice was 12 kPa while reaching 
15 kPa in the case of a single orifice. 
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(a) 
(b) 
Figure 25 Variation of static pressure variation with normalized axial distance as a function of diameter ratio at               
Vi = 2m/s for (a) double orifice-1D-spacing (b) double orifice-2D-spacing
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 In this case, the indicated pressure drop is also a measure of the total hydraulic losses. This 
means that a double-orifice arrangement (1D spacing) results in total hydraulic losses about 
20% less than that of a single orifice even though the first one has two constrictions while 
the second one has only one constriction. The same phenomenon prevails in the case of 
Dr=0.5where the pressure drop is 40 kPa in the case of double-orifice (1D spacing) while 
reaching 52 kPa in the case of a single orifice.   
This indicates that the hydraulic losses in this double orifice arrangement are 23% less than 
that of a single orifice. The case of Dr=0.77 did not show a contrary result where the double 
orifice 1D-spacing gave a 12.5% reduction in pressure drop relative to the single orifice 
configuration. In order to verify the existence of this phenomenon, pressure measurements 
were taken for the two arrangements with Dr=0.63 but for a velocity of 0.555 m/s 
(corresponding to Re=1.4x104). Figure 26 shows the pressure variation for the two cases 
of a single orifice and a double orifice with 1D spacing. This figure clearly indicates the 
presence of the above phenomenon and also validates the accuracy of the computational 
model.  
In an attempt to give a more rigorous explanation for the root cause of this phenomenon, a 
detailed investigation of the flow structure in the entire domain was conducted. The 
investigation starts with the analysis of the flow structure carried out by Shan et al. [10] in 
which they reported minimum turbulence intensities in the acceleration region upstream of 
the vena contracta where there is low chance of formation of vortex structures. 
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(a) 
(b)
Figure 26 Comparison between computational and experimental variation of the pressure coefficient for the case 
of Dr=0.63, Vi=0.555 m/s; a) single  orifice, and b) double orifice with 1D spacing 
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They also reported the presence of a shear layer that originates from the corners of the 
orifice throat and develops in the streamwise direction occupying the region between the 
core region and the recirculation zone as shown in Fig. 27. This shear layer contains vortex 
structures characterizing strong velocity fluctuations.  
According to Shan et al.[10], the region of the shear layer between the orifice and the vena 
contracta constitutes vortex parings which contribute to the growth of the shear layer and 
as the flow moves beyond the vena contracta vortex tripling event sets in forming smaller 
three dimensional vortex structures rotating haphazardly. They also established the 
dependence of turbulence intensity and Reynolds shear stress on the unsteady vortex 
structures. It is believed that this vortex structures and interactions are responsible for the 
high turbulence intensity and Reynolds shear stress as these are more prominent and have 
high values in the shear layer region. Accordingly, the region between the vena contracta 
and reattachment zone contains vortex tripling structures causing peak vortex interactions 
and invariably peak turbulence intensity and Reynolds stress as reported by Shan et al. 
[10].  The placement of second orifice at 1D downstream the first one creates a shorter 
deceleration zone downstream of the second orifice causing a decrease in the resulting 
pressure drop (see Figures 13 and 15). Further studies are needed to establish a relationship 
between the orifice spacing and the total pressure drop. 
The effect of flow velocity on the normalized pressure variation along the pipe axis is 
shown in Figure 28 for an orifice of diameter ratio Dr=0.63 and for average velocities of 1, 
2 and 4 m/s considering the double-orifice arrangement with 1D and 2D spacing.  The 
change of flow velocity reflects the change of Reynolds number, Re, in Eq. (4.2).  
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Figure 27 Schematic sketch showing the shear layer extending from the orifice edge to the reattachment zone 
(adapted from Shan et al.[10]) 
(a) 
84 
(b) 
Figure 28 Variation of Cp with normalized axial distance as a function of inlet velocity for Double Orifice with 
Dr = 0.63 for (a) 1D spacing (b) 2D spacing
Figure 28a indicates insignificant effect of Re on the variation of the pressure coefficient, 
Cp, from the upstream boundary up to the vena contracta where the minimum pressure is 
attained in the case of 1D spacing.   
Downstream of the vena contracta, the effect of Re is small and characterized by slightly 
higher pressure recovery at higher velocities.  The situation in the case of 2D spacing is 
almost the same (no effect of Re on Cp variation) from the upstream boundary up to the 
first local minimum pressure occurring at the first vena contracta located downstream of 
the first orifice.  The second local minimum pressure occurs at the second vena contracta 
located downstream of the second orifice and characterized by a pressure higher than that 
occurring at the first vena contracta.  The value of Cp far downstream is almost the same 
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for all velocities, however, the pressure drop in the case of 2D spacing is much higher than 
that for the 1D spacing as can be seen in Fig.28. 
Figure 29 presents the effect of orifice geometry on pressure drop across single- and 
double-orifice arrangements for the case of Dr = 0.63. It can be seen that the minimum 
pressure value and position for single orifice, double orifice-1D spacing and first trough of 
double orifice-2D spacing are approximately the same. It is also observed that double 
orifice with 1D spacing gave the least pressure drop while double orifice with 2D spacing 
yielded the highest pressure drop. There is an approximate reduction of 23% in local 
pressure drop when a second orifice is placed at 1D downstream of the first compared with 
a single orifice. Similar trends were observed for other diameter ratios. 
Figure 29 Variation of Cp with downstream normalized axial distance as a function of orifice geometry for Dr
=0.63 and Vi = 2m/s
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CHAPTER 5 
EROSION IN SINGLE AND DOUBLE-ORIFICE
ARRANGEMENTS 
The solid particle erosion resulting from the use of double-orifice arrangement is different 
from that resulting from a single orifice. Effects of parameters such as flow inlet velocity, 
orifice diameter ratio, orifice spacing and solid particle size on erosion rates and critical 
erosion locations were investigated for different configurations. The solution procedure 
involves calculation of the flow field through one- or two-orifice arrangements, 
introduction of solid particles to predict their trajectories, obtain particle impact data to be 
used in prediction of erosion and penetration rates using semi-empirical models. The flow 
inlet velocity considered are 1, 2 and 4m/s, the orifice diameter ratios are 0.5, 0.63 and 0.77 
while the particle diameters range -
steel has an internal diameter of 1-inch, fluid employed is water at 20 C and the solid 
particles content is 2% by weight and is unchanged in all calculations. 
It is well known that erosion patterns and rates are strongly dependent on the flow field 
characteristics (flow velocity and flow field geometry) in addition to the characteristics of 
the solid particles and the impacted surface. In this study, the erosion prediction was 
obtained using two computational models in addition to erosion empirical correlations.  
The first is the continuous phase model used for predicting the flow velocity field and the 
second is the Lagrangian particle-tracking model used for the determination of particle 
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trajectories and particle impact data. The Lagrangian particle-tracking model is based on a 
one-way flow-to-particle coupling approach that can be used in case of low particle 
intensity. For a single-orifice configuration, the flow in the upstream side accelerates as it 
approaches the orifice opening by contraction process due to change in flow area as 
presented in Fig. 13 forming a nozzle-shaped stream tube.  The shape of this stream tube 
is strongly dependent on the orifice diameter ratio.  Due to the sharp curvature of the 
streamlines upstream of the orifice, the area contraction of the stream tube continues until 
reaching the minimum area at the vena contracta on the downstream side of the orifice at 
which the velocity reaches its maximum and the pressure reaches its minimum.  
The recirculation region formed adjacent to the orifice in the downstream is driven by the 
high velocity in the core region and characterized by low velocity at its center.   In theory, 
the fluid in this region keeps circulating and never gets entrained to the main stream. 
Downstream the vena contracta, the flow forms a diffuser-shaped stream tube in which the 
flow decelerates and reattaches to the confining wall further downstream as shown in Fig. 
13. 
In the double-orifice arrangement, the detailed features of the flow field were found to have 
a strong dependence not only on the orifice diameter ratio but also on the orifice spacing.  
On the other hand, the dimensionless pressure variations were found to have little 
dependence on the flow Reynolds number. One important feature of relevance to the 
erosion process is the recirculating flow region in the spacing between the two orifices that 
is characterized by low velocity in the outer wall region and a jet-like flow in the core 
region (Figure 15).  Moreover, the recirculation and reattachment regions downstream of 
the second orifice differ from those downstream of a single orifice (Figures 13 and 15).  
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The computational details of the flow field characteristics and its dependence on various 
parameters were presented and discussed in Chapter 4. 
The determination of erosion rates involves the use of erosion models in determining the 
motion of solid particles. The particles are tracked from the location of their release at the 
pipe inlet till they are di
trajectories in the three configurations considered (single orifice, double orifice with 1D 
spacing, double orifice with 2D spacing) for case of Dr = 0.63, Vi = 2 m/s and Dp
Studies by Nemitallah et al. [15] showed that larger percentage of particles make several 
impingements on pipe and orifice walls while a very few makes little or no contact with 
the walls. The figure representing single orifice flow shows the possible impingement on 
the wall by few particles in the recirculation zone and the deflection of the majority further 
downstream to the wall in the reattachment zone.  
It can be observed that no particles impacted the pipe wall in the spacing between the two 
orifices in the double-orifice arrangement with 1D-spacing as shown in Figure 30b.On the 
other hand, the particle trajectories in the case of 2D spacing shown in Figure 30c indicates 
the presence of a small number of particles in the recirculating zone near the pipe wall.  
Some of these particles have impingements on the wall at low speeds and very small impact 
angles while some others are trapped and keep circulating in the recirculation zone without 
being entrained to the main stream. The particle trajectories downstream the second orifices 
in both double-orifice configurations have some similarity to that of single orifice flow. 
However, the location of the reattachment zone downstream of the second orifice differs 
from one case to another and that will cause a difference in the erosion pattern.  The particle 
trajectories shown in Figures 30b and 30c indicate the presence of particle impacts with 
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different intensity in the flow recirculation and reattachment zones downstream of the 
second orifice in both double-orifice configurations. 
a) Single Orifice 
b) Double-orifice with 1D spacing 
c) Double-orifice with 2D spacing 
Figure 30 
Single Orifice, b) Double-orifice with 1D spacing, and c) Double-orifice with 2D spacing
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The calculation of the local erosion rate on the pipe wall per unit mass of particles is based 
on Eqs. (3-16) and (3-17) that takes into consideration the effects of particle impact 
velocity, impact angle, type of solid particle and solid surface properties. The cumulative 
effect of erosion per unit surface area is termed the erosion rate it is measured by the 
amount of material removed per unit wall area per unit time. The discussion in this study 
is focused on erosion rates downstream a single orifice and downstream the second orifice 
in the double-orifice arrangement considering the effects of inlet flow velocity, solid 
particle size, orifice diameter ratio and orifice spacing.   
The local erosion rate in the downstream side of a single orifice for the case Dr = 0.63, Vi
= 2m/s, and solid particle diameter, Dp = 100µm, is shown in Fig.31a. It can be seen that 
the rate of erosion increases steeply from the leeward face of the orifice and attains a first 
local maximum value of approximately 6.48×10-7 kg/m2s at a distance of x = 0.8D before 
descending sharply. A second local erosion peak of 1.96×10-6 kg/m2s occurs at x = 5.5D 
further downstream. Far downstream (x>15D), the erosion rate becomes very small (less 
than 2.05 × 10-7 kg/m2s). The first erosion peak is located in the primary recirculation zone 
despite the prevailing low flow velocity (Fig.13). To explain this phenomenon, the 
variation of the particle concentration and turbulence kinetic energy (TKE) in the near-wall 
region were plotted in Figure 32.  
The figure shows high particle concentration coupled with high TKE in the first peak 
region. Both effects lead to higher rate of particles impacting the pipe surface in that region, 
thus creating the first peak. The second erosion peak occurs in the reattachment zone which 
is characterized by streamlines with large curvature and higher velocity near the pipe wall 
(compared to the low velocities in the recirculation zone).This large curvature causes a 
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deviation between the particle trajectory and the flow streamlines due to the difference in 
inertial forces between fluid and solid particles. This deviation causes a high rate of solid 
particle impingement and accordingly higher rate of erosion in the reattachment zone.  
Figure 31b & 31c shows the variation of erosion rate on the pipe wall downstream the 
second orifice in the double-orifice arrangement with 1D and 2D spacing respectively. For 
the case of 1D spacing, Figure 31b shows an erosion rate profile downstream of the second 
orifice similar in trend to that of a single orifice (i.e. having two local peaks and a crest in 
between) but differs quantitatively. The figure also shows that the location of the first 
erosion peak in the recirculation zone is closer to the second orifice compared with its 
location in the single orifice configuration.   This is mainly because of the shorter 
recirculation zone downstream the second orifice compared to that in the single orifice 
configuration (Figure 15). The higher rate of erosion in this zone is attributed to the 
increased particle concentration and TKE as in the case of single-orifice arrangement.   
It is also clear from Figures 31a & b that the maximum erosion rate (occurring in the 
reattachment zone) is much lower (about 40% less) in the double-orifice arrangement 
with 1D spacing than that of a single orifice.  The first and second erosion peaks are 
located at approximately at distances of 0.96D and 5D downstream the second orifice, 
respectively.  In the case of 2D spacing, the two erosion peaks are located at distances of 
0.5D and 4D downstream of the second orifice, however, the maximum erosion rate is 
about 25% higher than the case of a single orifice. The trough between the two peaks 
represents erosion in the region between the recirculation and reattachment zones with 
magnitude similar to erosion rate downstream the second peak. Subsequent discussions 
will be on dependence of erosion rates in the three configurations on parameters such as 
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inlet flow velocity, particle sizes, orifice diameter ratio and orifice configurations.
(a) 
(b) 
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(c) 
Figure 31 
b) Double orifice-1D-separation, and c) Double orifice-2D-separation
Figure 32 Downstream profile of solid particle concentration and turbulent kinetic energy for single orifice; case 
of Dr = 0.63, Vi = 2 m/s and Dp
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5.1 Effects of Flow Velocity on Erosion Rates 
Figure 33a shows the effect of flow inlet velocity on erosion rate for the case of Dr = 0.63,      
Dp i = 1m/s, 2m/s and 4m/s in single orifice arrangement. It is 
observed that the profile of erosion rate has the same features of two peaks at all velocities 
(as described earlier in the case of Vi = 2 m/s) but the erosion rate varies. The magnitude 
of erosion rate over the whole length downstream orifice increases as the velocity increases 
with the maximum occurring in the reattachment zone.  The figure indicates insignificant 
erosion occurring at the low velocity of 1 m/s.  The erosion becomes appreciable as the 
flow velocity increases to 2 m/s reaching 2x10-6 kg/m2s while significant increase occurs 
at a velocity of 4 m/s reaching 1.25x10-5 kg/m2s.  
In the case of double-orifice arrangement, the rate of erosion in the space between the two 
orifices is negligibly small and that explains the absence of that region in the present 
discussion.  Figure 33b shows the erosion rate downstream of the second orifice for the 
same three flow velocities in the case of 1D orifice spacing.  The variation of the erosion 
rate is qualitatively similar to that occurring downstream of a single orifice but at reduced 
values.  The maximum erosion rate at a velocity of 4 m/s reached approximately 9.25x10-
6 kg/m2s which is 25% less than that for a single orifice.  However, the 2D spacing resulted 
in a maximum erosion rate at a velocity of 4 m/s approximately the same as that occurred 
in the case of a single orifice (Figure 33c).   The changes in the maximum erosion rate for 
the same inlet flow velocity in different orifice configurations may be attributed to changes 
in the streamline curvature in the reattachment zone resulting in different particle impact 
angles.  
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 The particle impact velocity in the reattachment region may not slightly be different in 
different orifice configurations. Figures 33a,b,c also indicate higher erosion rate in the 
recirculation zone downstream of the second orifice (or first orifice in single orifice 
configuration) with the increase in the inlet flow velocity.  This is attributed to the increase 
in turbulent kinetic energy with increasing inlet velocity which leads to significant rise in 
frequency of particle impingement.  
Figures 34 show the effect of inlet flow velocity on the maximum erosion rate for the three 
different configurations of single orifice, double-orifice with 1D and 2D spacing for the 
three diameter ratios of 0.5, 0.63 and 0.77 and solid particle size of 100µm.  Figure 34a 
shows the effect of flow velocity on the maximum erosion rate in the three orifice 
arrangements keeping the diameter ratio (Dr=0.5) unchanged.  Similarly, Figures 34b and 
34c show the same effect for diameter ratios of 0.63 and 0.77, respectively.  It is clear from 
the figures that the maximum erosion rate increases as the flow inlet velocity increases for 
all orifice diameter ratios. On the other hand, there is little difference between the 
maximum erosion rate observed in single orifice and double-orifice with 2D spacing.   
However, the case of double-orifice with 1D spacing showed a remarkable reduction in 
maximum erosion rate. The results indicated an average reduction by 32%, 28% and 24.5% 
in the maximum erosion rate (compared to single orifice configuration) in the case of 
double-orifice with 1D spacing for the three diameter ratios of 0.5, 0.63 and 0.77, 
respectively. This implies that this configuration (1D spacing) results not only in less 
hydraulic losses (as discussed in Chapter 4) but also less erosion in comparison with the 
single orifice configuration. 
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(a) 
(b) 
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(c) 
Figure 33 Effect of flow velocity on erosion rate downstream the orifice for the case of Dr = 0.63 and Dp = 
(a) 
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(b) 
(c) 
Figure 34 Comparison of the effects of inlet flow velocity on maximum erosion rate in the orifice configurations 
considering a solid particle size Dp r=0.5,  b) Dr=0.63 and c) Dr=0.77
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5.2 Effects of Solid Particle Size on Erosion Rates 
One of the important factors to be considered in the study of erosion in pipes is the effect 
- 
of erosion rate with particle diameters in single orifice flow is illustrated in Fig.35a for Dr
= 0.63, and Vi = 2m/s. It can be seen that the maximum local erosion rate decreases with 
rosion rate-particle diameter relationship was also 
observed for Vi = 1m/s and 4m/s. It should be pointed out that the number of particles with 
smaller diameter is much higher than that for large particles based on 2% loading by 
weight.  For example, the n
particles.  
Accordingly, the number of particle impingements is much higher in the case of small 
particles.  Also, the particle size has a strong influence on its trajectory, impact location, 
impact angle and impact velocity as discussed in the works by [29] [31]. On the other 
hand, erosion in the recirculation zone is dependent on the turbulence kinetic energy (TKE) 
and particle concentration. However, TKE is independent of particle size based on the 
assumption of low particle loading and one-way interaction. Therefore, the reduction in 
erosion rate with increasing particle size in the recirculation zone is highly dependent on 
particle concentration. 
The variation of erosion rate with particle size and the characteristics of the erosion pattern 
downstream the second orifice in double-orifice configuration are similar to that of a single 
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orifice as shown in Figs.35b & 35c. Features of erosion variation such as peak erosion rates 
at the recirculation and reattachment zones are similar qualitatively for all particle sizes 
considered. The erosion rate in the recirculation zone increases as Dp decreases. This 
relation can be attributed to the large surface area to size ratio of particles with smaller 
diameters which makes their motion more aligned with the fluid flow(i.e. the ratio of drag 
force to inertia force is high for smaller particles). Likewise the rate of erosion in the 
reattachment zone increases with decreasing particle size. Although the deviation of 
particle trajectory from fluid streamline increases with increasing particle diameter, the 
highly turbulent nature of the flow in the reattachment zone accounts for the relatively high 
impingement rate by smaller particles. 
 (a) 
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 (b) 
 (c) 
Figure 35 Effect of particle size on the erosion rate downstream of the orifice for the case of Dr = 0.63, Vi = 2 
m/s;  a) Single orifice, b) Double-orifice with 1D spacing, and c) Double-orifice with 2D spacing
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5.3 Effects of Orifice Diameter Ratio on Erosion Rates 
Erosion rates are greatly influenced by the orifice geometry. Figure 36a shows the 
downstream wall erosion rate profile for a single orifice at Vi = 2m/s for the three diameter 
ratios of 0.5, 0.63 and 0.77 using solid particles of diameter Dp
that the erosion patterns for the different diameter ratios considered are relatively similar 
in terms of having two local peaks and average erosion rate in other flow regions. Although 
the particles volume introduced is the same for the diameter ratios considered at a certain 
inlet velocity and particle size, the erosion rates at the peak regions decreases as orifice Dr
increases. This is because the particle concentration in the recirculation and reattachment 
zones varies increases with decreasing the diameter ratio.  
The variation of first local erosion peak in the recirculation region with diameter ratio can 
be related to larger recirculation zone and higher velocities produced by smaller diameter 
ratio. Moreover, the maximum TKE in the recirculation zone varies as downstream 
velocity increases with decreasing diameter ratios at the same inlet flow velocity. 
Invariably, this leads to increased effective impacts by the particles thereby resulting in 
higher erosion rate for smaller diameter ratios. The second local erosion peak increases 
with decreasing diameter ratio because of the higher velocities in the downstream side of 
the orifice and also larger curvature of streamlines associated with smaller diameter ratios. 
This brings about more deviation of particle trajectories from the flow streamline thereby 
causing more impingements on the pipe wall.  
The effects of varying diameter ratio on erosion rates downstream the second orifice in 
double orifices with 1D and 2D spacing are presented in Figs. 36b, c respectively. It can 
be seen that the erosion rate profiles are similar to that observed in case of single orifice. 
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The profiles have two peaks at the recirculation and reattachment zones but varies 
quantitatively amongst the three configurations. Also, the magnitude of peak erosion rates 
decreases with increasing orifice diameter ratio. This can be attributed to the bigger 
recirculation, more particle concentration and greater TKE in the recirculation zone and 
high curvature of streamlines related to smaller diameter ratios.  
 (a) 
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 (b) 
 (c) 
Figure 36 Effect of orifice diameter ratio on erosion pattern for an inlet velocity of 2 m/s and solid particles of 
-orifice with 1D spacing, and c) Double-orifice with 2D spacing
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5.4  Effects of Flow Velocity and Particle Size on Erosion Rates in the 
Spacing between the Two Orifices 
Erosion rates on the wall region separating the two orifices in both double orifice 
configurations are presented in this section.  Figures 37a, b shows the variation of erosion 
rate in this region with the increase of inlet velocity for the case of Dr = 0.63 and Dp = 
was recorded for 1D separation at higher inlet velocities of 2 m/s and 4 m/s. in the case of 
Vi =1 m/s, erosion at a very small rate occurred on the pipe wall between the two orifices. 
This observation antagonizes our earlier submission that erosion rate increases with 
increasing inlet velocity. Although the magnitudes of velocity and TKE are high behind 
the first orifice, the particle concentration at this region decreases as velocity increases. 
The negligible presence of particles in this region at high velocities results to insignificant 
erosion. This is also evident in the particle trajectory plot colored by particle residence time 
for this case shown in Fig.30b, where there was negligible particle in this wall region. This 
may be due to increased curvature of streamlines associated with higher velocities which 
deflects the particles towards the centerline.  
In the case of 2D spacing presented in Fig.37b,erosion occurred at the pipe wall for all 
velocities considered but the magnitude of erosion rate is much less than that occurred 
downstream of the second orifice.  The 2D spacing allows the formation of a longer 
circulating flow cell behind the first orifice and as such, some particles are trapped therein. 
This region is also characterized with high velocity and invariably high TKE. The trend of 
erosion rate shows increasing erosion rate as the flow approaches the second orifice.  
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Figures 38a and 38b shows the effect of particle size on the erosion rate pattern in the 
spacing between the two orifices for the case of Vi= 2 m/s, Dr= 0.63 considering double-
orifice arrangement with 1D and 2D spacing, respectively. The erosion rate profile for 
double orifice with 1D spacing (Fig.38a) shows that erosion occurred in the space between 
(Dp
large particles in the wall region as manifested by the solid particle trajectories shown in 
Fig.30b.  Such absence is caused by the high inertia of such particles which gets entrained 
in the main stream (almost straight streamlines) through the orifice opening.  The erosion 
rate pattern in the space between the two orifices in the case of 2D spacing (Fig.38b) depicts 
the occurrence of erosion for particle diameters of 50µm-200µm while particles with the 
largest diameter of 400µm caused insignificant erosion. It is also observed that for the 
smaller particle diameter range causing erosion, the erosion rate decreases as the particle 
diameter increases with more erosion occurring close to the second orifice. In general, the 
erosion in the spacing between the two orifices is negligibly small in comparison with 
erosion in the reattachment zone downstream of the second orifice.  
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(a) 
(b) 
Figure 37 Effect of inlet flow velocity on the erosion rate pattern in the spacing between the two orifices for the 
case 
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(a) 
(b) 
Figure 38 Effect of particle size on the erosion rate pattern in the spacing between the two orifices for the case of                    
Vi= 2 m/s, Dr= 0.63; a) Double Orifice with 1D spacing, and b) Double Orifice with 2D spacing
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CHAPTER 6 
EXPERIMENTAL RESULTS 
In this study, a Particle Image Velocimetery (PIV) system was used to investigate the flow 
field characteristics downstream of one or two bevel-edged orifice plates of diameter ratios, 
Dr= 0.5 and 0.63 and thickness of 3mm in a pipe with internal diameter of 25.4mm. The 
main objective is to investigate the flow field characteristics in order to enhance our 
understanding of the effect of different orifice arrangements on the flow regime.  Such 
details are very important for studying other problems such as flow accelerated corrosion 
(FAC), solid particle erosion and many others. Experimental measurements using this PIV 
system were carried out for the velocity profiles for single-orifice and double-orifice 
configurations. The results obtained also served as a contribution for benchmarking the 
finite-volume computational model as well as the k-  turbulence model. 
The region of interest where the field characteristics were investigated are the downstream 
section of the orifice (of length 4D) as well as the spacing between the two orifices in the 
double-orifice arrangement considering 1D and 2D spacing.  The orifices used in double-
orifice configurations have exactly the same geometry.  The part of the 4D downstream 
section covered by the optical width of laser light varies between 2D and 2.5D. This is due 
to limitation in the distance between the locations of laser and test section. Table 5 gives a 
summary of the parameters employed in the measurements and the velocity calculations 
are based on analysis sequence shown in Fig.3-15. An average of 4000 images was 
obtained at different frame rates depending on the Reynolds number.  
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Table 5 Summary of parameters used for the PIV measurement 
Flow Properties Reynolds number 
Test piece  Pipe Internal diameter 
Orifice size (Dr = ) 
Test piece material 
Pipe external diameter 
Continuous phase 
25.4 mm 
0.63, 0.5 
Acrylic 
3.86 mm 
Water  
Seeding  Type 
Density 
Mean diameter 
Polyamide 
1.03 
20 
Light sheet Type 
Beam maximum output 
Wavelength 
Beam diameter at aperture 
Continuous wave (CW) 
4 W 
532 nm 
3 nm 
Camera Type 
Chip size/pixel size 
Discretization 
Lens focal length 
Charge Coupled Device (CCD) 
1632 × 1200 pixels/11.5 µm 
8 bit 
60 mm 
Capturing f-number 
Viewing angle 
Image magnification 
Measurement area pixel size 
Real viewing area 
Pulse separation 
Maximum particle displacement  
2.8 
Right angle 
0.217 
1152 × 480 pixels 
61.70 × 25.70 mm2
r
10 pixels 
PIV Analysis Interrogation area size, overlap 
ratio and number of iterations 
32 × 32 pixels, 50% overlap, and 3 
iterations 
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The PIV velocity vectors were obtained at approximately 340×50 points in axial and 
vertical directions of the downstream plane. Validation of results were carried out by 
comparing the numerical integration of elementary flow rates obtained from the velocity 
profiles at different axial distances with the measured value of volume flow rates at 
different Reynolds number as displayed in Table 6.    
Table 6 Data employed and obtained from PIV measuring techniques 
Calibration width = 53mm, Camera type = Speedsense 9040, Number of 
slides = 4000
Scale 
Conversion 
to GPM 
Measured 
Flow rate 
(m3/s) 
Upstream 
Velocity 
(m/s) 
Numerical 
flow rate 
(m3/s) 
Uncertainty 
analysis (%) Renolds no 
frame 
rate 
(fps) 
Exposure 
rate (µs)
11 0.6908 4.35781E­05 0.086003745 5.40E­05 2.38E+01 2184.49511 800 600 
12 0.7536 4.75397E­05 0.093822267 5.89E­05 2.40E+01 2383.08558 900 550 
15 0.942 5.94247E­05 0.117277834 7.36E­05 2.38E+01 2978.85697 1000 550 
16 1.0048 6.33863E­05 0.125096356 7.90E­05 2.46E+01 3177.44744 1000 500 
20 1.256 7.92329E­05 0.156370445 9.90E­05 2.50E+01 3971.8093 1300 430 
22 1.3816 8.71562E­05 0.172007489 1.11E­04 2.74E+01 4368.99023 1500 420 
27 1.6956 0.000106964 0.2111001 1.35E­04 2.59E+01 5361.94255 1800 370 
30 1.884 0.000118849 0.234555667 1.50E­04 2.62E+01 5957.71395 2200 300 
35 2.198 0.000138658 0.273648278 1.73E­04 2.50E+01 6950.66627 2200 250 
40 2.512 0.000158466 0.31274089 1.99E­04 2.56E+01 7943.61859 2600 240 
45 2.826 0.000178274 0.351833501 2.30E­04 2.90E+01 8936.57092 3000 200 
51 3.2028 0.000202044 0.398744634 2.64E­04 3.08E+01 10128.1137 3400 160 
60 3.768 0.000237699 0.469111334 3.29E­04 3.84E+01 11915.4279 3902 100 
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6.1 The Streamline Pattern 
The streamline pattern for a representative flow rate at a Reynolds number of 8937 for a 
single orifice with diameter ratio Dr= 0.63 is shown in Fig.39. The figure shows a 
comparison between the streamlines obtained experimentally using the PIV technique 
(Figure 39a) and those obtained from the computational model using the finite-volume 
approximation utilizing FLUENT 12.1 (Figure 39b). The comparison shows a reasonably 
good agreement.  Two important features of the flow field are clearly visible in the 
visualized streamline plot; the first is the primary recirculation zone on the downstream 
side of the orifice and the second is the location of the reattachment zone.  Similar features 
were observed for other Reynolds numbers.  
Shan et al. [10] reported a similar downstream streamline pattern but with an addition of 
secondary recirculation zone between the orifice and the primary recirculation zone in their 
experimental work using PIV system, however, their work was focused on a square-edged 
orifice which is slightly different from the orifice considered in this work. The additional 
features reported by Shan et al. [10] may be attributed partly due to the difference in orifice 
geometry and partly due to the fluorescent particles used as seeding particle which are 
capable of reflecting light at distinctive wavelength from that of the background and a more 
powerful laser light source (Nd-Yag) that produces light sheets with greater strength and 
intensity. Downstream streamline patterns with only primary recirculation and 
reattachment zones are widely reported in computation works like Shah et al. [8]. Figure 
40 displays streamline pattern observed for single orifice flow with orifice diameter 0.5. 
The primary recirculation zone are bigger and longer in case of smaller Dr=0.5 as compared 
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to Dr=0.63. Likewise, the reattachment point is situated farther downstream which makes 
the reattachment length longer for small diameter orifices.  
(a)  
(b) 
Figure 39 Streamline patterns downstream of a single orifice with Dr=0.63 at Re=8937; a) Experimental using 
PIV and b) Computational
(a) 
(b) 
Figure 40 Streamline patterns downstream of a single orifice with Dr=0.5 at Re=4400; a) Experimental using 
PIV and b) Computational
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The streamline patterns in the spacing between the two orifices in the double-orifice 
configuration with Dr=0.63 at flow Reynolds of 8937 are shown in Figure 41 for the case 
of 1D spacing and Figure 42 for the case of 2D spacing.  It is clear from Figure 41 that the 
complete wall region in the orifice spacing is occupied by one recirculation (vortical) zone 
and the core has a jet-like flow. The center of the vortical motion is shifted closer to the 
second orifice.  Also, the comparison between the visualized and computational patterns 
shows a reasonable agreement.  On the other hand, the streamline pattern for the case of 
2D spacing (Figure 42) has a different shape in comparison with that in the case of 1D 
spacing.   
The primary recirculation zone has a different shape with its center shifted closer to the 
first orifice.  The computational pattern has a small secondary recirculation zone located 
very close to the second orifice (Figure 42b) which does not appear in the PIV visualized 
pattern shown in Figure 42a.  Moreover, the streamlines in the core region indicate a flow 
deceleration zone (diffuser-shaped streamtube) downstream of the vena contracta followed 
by flow acceleration zone in the neighborhood (upstream) of the second orifice (nozzle-
shaped streamtube).  Although the secondary recirculation zone is invisible in the PIV 
visualized streamlines, the general shapes of the two patterns (Figure 42a,b) are in 
reasonable agreement.  
The streamline pattern downstream of the second orifice in the case of double-orifice 
arrangement for the same case of Dr=0.63 at Re=8937 is shown in Figure 43 for the case 
of 1D spacing and in Figure 44 for the case of 2D spacing. Figure 43 shows similar 
qualitative features of the recirculation and reattachment zones to that obtained in the case 
of a single orifice (see Figure 39) but with a smaller recirculation zone and a shorter 
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distance between the orifice and the reattachment zone. Figure 44 shows the streamline 
pattern downstream of the second orifice for double-orifice arrangement with 2D spacing 
indicating a much longer recirculation zone in comparison with 1D spacing (Figure 43). It 
is important to mention that the longer recirculation zone downstream of a single orifice, 
or downstream of the second orifice in the double-orifice arrangement, indicates a longer 
shear layer extending from the orifice edge to the reattachment zone as reported by Shan 
et al. [10].  This layer contains vortex tripling structures causing peak vortex interactions 
and invariably peak turbulence intensity and Reynolds stress. 
Figure 41 Comparison between the streamline patterns in the spacing between the two orifices in the double-
orifice arrangement with 1D-spacing for the case of Dr=0.63 at Re=8937; a) Experimental using PIV and b) 
computational 
(a)         
(b) 
116 
(a)
(b) 
Figure 42 Comparison between the streamline patterns in the spacing between the two orifices in the double-
orifice arrangement with 2D-spacing for the case of Dr=0.63 at Re=8937; a) Experimental using PIV and b) 
Computational
(a) 
(b) 
Figure 43 Comparison between the streamline patterns downstream of the second orifice in the double-orifice 
arrangement with 1D-spacing for the case of Dr=0.63 at Re=8937;a) Experimental using PIV and b) 
Computational
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(a)
(b) 
Figure 44 Comparison between the streamline patterns downstream of the second orifice in the double-orifice 
arrangement with 2D-spacing for the case of Dr=0.63 at Re=8937; a) Experimental using PIV and b) 
Computational
6.2 Velocity Profiles 
The axial velocity profiles measured at three different sections downstream of the orifice 
plate (x=0.5D, 0.8D and 1.2D) for a single orifice with Dr=0.63 are displayed in Fig.45 
with the ordinate and abscissa representing normalized mean axial velocity and normalized 
radial distance respectively. The velocity profile at the first axial location (x=0.5D) shows 
maximum velocity at the centerline with an almost uniform velocity distribution in the 
region  (the core region).  This is followed by a rapid decrease of the velocity 
until reaching flow reversal near the wall.  This flow reversal occurs in the primary 
recirculation zone in the wall region downstream of the orifice plate (see Figure 39).  The 
maximum velocity gradient occurs at approximately r/D=0.27 which is within the shear 
layer.  
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The velocity profile at the second axial location (x=0.8D) indicates lower centerline axial 
velocity compared with that at x=0.5D and also smaller region of flow reversal. This 
indicates that the second axial location is downstream of the vena contracta. The axial 
velocity profile further downstream at x=1.2D shows a further decrease in reverse flow 
region, reduction in the velocity gradient at orifice height which implies lower shear stress 
in the shear layer, a smaller maximum velocity at the centerline which signifies 
deceleration in the flow in the streamwise direction and gradual disappearance of the flat 
portion of the profile close to the centerline. This shows that the flow is gradually assuming 
the pipe flow characteristics as it moves away from the orifice plate.  
The axial velocity profiles for flow regime in single orifice with Dr=0.5 at the same axial 
location are shown in Fig.46. Although the profiles are qualitatively similar to those 
presented in Figure 45, the core region characterized by uniform velocity distribution at 
x=0.5D is much smaller ( instead of ) and the maximum 
velocity gradient (in the shear layer) is much higher.  In addition, the region of flow reversal 
near the wall is larger reflecting a larger recirculation zone and the maximum velocity at 
the centerline is much higher. 
Figure 47a presents the relationship between the measured axial velocity at the vena 
contracta and the mean inlet velocity for the case of a single orifice with Dr=0.63. A line 
fitting of these data points gives a linear relationship in the form 
for the Reynolds number range . Shan et al. [10] established a similar 
relationship in the form   for an orifice of diameter ratio Dr=0.62 in the 
Reynolds number range .   
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Figure 45 Radial profiles of mean axial velocity at axial locations x/D=0.5, 0.8 and 1.2 downstream of a single 
orifice for the case of Dr=0.63 and Re=8937
Figure 46 Radial profiles of mean axial velocity at axial locations x/D=0.5, 0.8 and 1.2 downstream of a 
single orifice for the case of Dr=0.5 and Re=4400 
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(a)  
(b) 
Figure 47 Variation of maximum axial velocity with inlet velocity for a single orifice, a) Dr=0.63, b) Dr=0.5
Similar data were obtained for Dr=0.5 (as shown in Fig.47b) and fitted to the equation 
 for the Reynolds number range . Further 
experimental studies involving other orifice sizes and wider range of Reynolds number are 
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required to serve as verification for these relationships that provide basis for a more general 
correlation that includes orifice diameter ratio and a wider range of Reynolds number. 
The velocity profiles measured using PIV at different axial locations (x=0.3, 0.5, and 0.8) 
in the spacing between the two orifices for the case of double-orifice configuration with 
1D spacing and Dr=0.63 are shown in Fig. 48.   It is clear from the figure that the centerline 
velocity is almost constant at the three locations indicating insignificant deceleration in the 
streamwise direction.  Also, the velocity distribution is almost uniform in the core region (
) characterizing the jet-like flow.  On the other hand, the flow reversal near 
the wall is characterized by higher velocity as x increases while the radial location of the 
point of vanishing axial velocity is unchanged (approximately at ). The 
measured axial velocity profiles at the same stations (x=0.3, 0.5, and 0.8) in the orifice 
spacing of double-orifice arrangement with 2D spacing for the case of Dr=0.63 and 
Re=8937 are shown in Figure 49.  
A comparison between the velocity distributions in the core region ( ) in Figures 
48 and 49 indicates insignificant changes in the velocity profiles at the three axial locations.  
However, the velocity distributions near the wall in the case of 2D spacing are different 
from those of 1D spacing resulting from the changes in the shape and size of the primary 
recirculation zone.  Also, the reverse flow velocity near the wall ( ) in the 
case of 2D spacing is much less than that in the case of 1D spacing as can be seen in Figures 
48 and 49.  Based on the understanding of the flow structure downstream of a single orifice 
presented by Shan et al. [10], it is believed that the 2D spacing allows the nearly natural 
formation of the circulatory vortical flow behind the first orifice and thus creating longer 
shear layers hence giving room for flow deceleration before reaching the second orifice. 
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This explanation is manifested by a simple comparison between the velocity profiles in the 
farthest downstream location, at x=0.8D, for the two case of 1D spacing (Figure 48) and 
2D spacing (Figure 49).   The two velocity profiles indicate lower velocities near the 
centerline and higher velocities in the intermediate region (between the core and wall 
regions). 
Figure 50 shows a comparison between the axial velocity profiles in the downstream 
section of a single orifice and those downstream the second orifice in both cases of double-
orifice configurations with 1D and 2D spacing at axial locations x/D = 0.5, 0.8 and 1.2. It 
should be mentioned that in this figure x is measured from the orifice plate in the single 
orifice configuration and is measured from the second orifice in the double-orifice 
configuration. It can be seen that the magnitude of the maximum axial velocity (centerline 
velocity) decreases as the flow progresses further downstream for all configurations. The 
double-orifice configuration with 1D spacing has the least centerline axial velocity while 
that with 2D spacing produces the highest maximum axial velocity. The reason for this is 
that the second orifice placed at 1D spacing produces negligible streamline contraction 
effect on flow passing through its opening (either on the upstream or downstream sides of 
the orifice plate) when compared to the case of  2D spacing.  
Moreover, the double-orifice with 1D spacing results in the least decrease in the centerline 
axial velocity in the region .In conclusion, the spacing between the two 
orifices determines the extent of flow deceleration that takes place downstream of the vena 
contracta of the first orifice.  It also affects the length of the shear layer extending from the 
second orifice to the reattachment zone; thus affecting the hydraulic losses. 
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Figure 48 Radial profiles of mean axial velocity at axial locations x/D=0.3, 0.5 and 0.8 in the orifice spacing of 
double-orifice arrangement with 1D spacing for the case of Dr=0.63 and Re=8937
Figure 49 Radial profiles of mean axial velocity at axial locations x/D=0.3, 0.5 and 0.8 in the orifice spacing of 
double-orifice arrangement with 2D spacing for the case of Dr=0.63 and Re=8937
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x=0.5D    x=0.8D           x=1.2D
Figure 50 Comparison between mean axial velocity profiles for the three configurations at axial locations 
x/D=0.5, 0.8 and 1.2; ---------single- -orifice-1Dspace,- - - -double-orifice-2Dspace 
6.3 Comparison with Computational Velocity Profiles 
This section presents a comparison between velocity profiles obtained by 2D/2C PIV 
system and computational results obtained through k-
applied to a similar flow domain. Figure 6-13 shows such comparison in the plots of 
normalized axial velocity against normalized radial distance at different downstream 
locations for single orifice configuration with Dr=0.63.The axial velocity and radial 
distance are normalized with mean flow velocity and pipe diameter respectively. It can be 
observed that the shape of the two profiles is the same but with a constant difference.  The 
volumetric flow rate calculated using numerical integration based on the measured axial 
velocity profile was found to differ from the actual flow rate (measured by the flowmeter) 
by approximately 23.5%.  On the other hand, the volumetric flow rate obtained by 
numerical integration of the axial velocity profile obtained from the computational model 
was found to differ by only 0.74% from the measured flow rate.   
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The difference between in the computational and experimental velocity profiles is 
attributed to the error introduced by optical distortion due to the surface curvature of the 
pipe. The pipe is made by drilling a cylindrical hole in a prism of rectangular cross section 
that makes the pipe outer surfaces to be flat. This helped in reducing the error to an extent 
but a better approach is to insert the pipe through a rectangular basin filled with same fluid 
as implemented by many previous studies like Shan et al. [10] and Lindken & Merzkirch 
[67].  
Moreover, the absence of a timer box which should serve as synchronization unit to 
generate trigger pulses for the camera and laser light source contributed to part of the error.  
Also, the use of a more advanced PIV technique like stereo-PIV and using fluorescent 
particles as seeding particles can improve the accuracy of the PIV measurements especially 
in regions close to the pipe wall. Shan et al. [10] also suggested that the discrepancy can 
also be due to the poor estimation of vortex structures introduced by the orifice in the shear 
layer region by the Reynolds Averaged Navier-Stokes (RANS) model adopted in the 
computational analysis.  In addition, the PRESTO k-
representation of flow through an orifice. The submission of previous studies on orifice 
flows by Shah et al. [8] also gives credence to the accuracy of the k-
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x=0.5D      x=0.8D   x=1.2D 
Figure 51 Comparison between experimental and numerical axial velocity profiles at locations x/D=0.5, 0.8 and 
1.2 for the case of a single orifice with Dr=0.63 and Re=8937 (  Experimental, ____Numerical)
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CHAPTER 7 
 CONCLUSION 
The flow structure and erosion characteristics in multiple orifice system have been 
investigated by considering the effects of flow inlet velocity, orifice geometry, orifice 
spacing and solid particle size on the resulting flow and erosion patterns.  The inlet flow 
velocities considered are 1m/s, 2m/s, and 4m/s, orifice spacing of one and two pipe 
diameters, orifice diameter ratios of 0.5, 0.63 and 0.77, and particle size ranging from 50 
carried out using the PRESTO, realizable k-  turbulence model to solve the governing 
equations.  
The flow characteristics downstream the multiple orifice arrangement is similar 
qualitatively to that downstream single orifice in terms of the existence of recirculation 
zone, reattachment zone and shear layer region. Certain differences such as the nature of 
flow upstream the second orifice in double orifice configurations which has a jet-like flow 
in the core region surrounded by donut-shaped vortical flow in the wall region influencing 
the downstream velocity field and pressure recovery region. The double orifice 
arrangement spacing produces a peak velocity that is slightly higher than single orifice with 
corresponding orifice size but at a similar location. The double orifice with two pipe 
diameter spacing produces a second peak velocity downstream the second orifice. The 
pressure distribution across the three configurations are similar but the least and highest 
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pressure drop were recorded in the double orifice configurations with one and two pipe 
diameter spacing respectively. 
The effect of solid particle size in addition to above parameters on the erosion pattern was 
investigated for carbon steel pipe of one inch diameter. The Lagrangian particle-tracking 
model was incorporated with the stated turbulence flow model to predict the particle 
trajectories. A 2% by weight sand particle loading was maintained for all the cases 
considered.  In all considered configurations, the critical regions observed to be most prone 
to erosion are the recirculation and reattachment zones. The erosion rate recorded in the 
orifice spacing in double orifice configurations is negligibly small for large particle sizes
.   
Also, the double orifice configuration with one pipe diameter spacing experienced the least 
erosion rate.  In general, the erosion rate increases with increasing inlet flow velocity, 
decreasing particle sizes and decreasing diameter ratios for the three configurations 
considered. Flow visualization and measurement were also carried for the three orifice 
configurations for the case of Dr=0.63 in the Reynolds number range 4400-11200 using the 
PIV measuring system. There is a fair agreement between the axial velocity profiles in the 
region and pressure distributions downstream the first orifice obtained 
experimentally and numerically. 
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CHAPTER 8 
RECOMMENDATIONS 
The present study showed that there are many aspects of orifice flow, especially for 
multiple-orifice configuration that requires detailed investigation.  For example, the effect 
of orifice spacing on the flow structures downstream of the second orifice focusing on the 
characteristics of the shear layer that extends from the orifice plate until reaching the 
reattachment zone requires comprehensive investigation.  The effect of orifice spacing on 
the erosion pattern and total erosion rate downstream of the second orifice is also important 
and requires further investigation. The case of higher percentage of solid particle content 
which results in two-way coupling between the continuous and discrete phases requires a 
thorough computational as well as experimental studies.  Another interesting area of 
research is the case of two-phase (liquid and gas) flow through single or multiple orifice 
arrangements.  The presence of cavitation at the vena contracta and its effect on the flow 
structure and resulting pressure drop in single and double-orifice arrangements is another 
challenging problem that is worth consideration. 
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Nomenclature  
 flow acceleration 
A area of interrogation area 
Ac flow area at vena contracta 
Ai material impingement area 
Cd coefficient of discharge 
d orifice diameter 
 image plane 
 object plane 
D pipe diameter 
Ddiff diffraction limiting diameter 
Dp particle diameter 
Dr diameter ratio 
Elc local erosion rate 
f focal length 
f# f-number of camera 
Fs particle shape coefficient 
F  impact angle function 
Fpg buoyancy force 
Fsl Saffman lift force 
Fvm virtual mass force 
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g acceleration due to gravity 
I image intensity of first exposure 
 image intensity of second exposure 
k turbulence kinetic energy 
M magnification 
n empirical coefficient 
N number of multiplication per correlation 
P static pressure 
Pn rate of local penetration 
Q empirical constant for local erosion rate 
Rc correlation of particle image 
RD
RF fluctuating noise component of cross correlation 
Re Reynolds number based on inlet velocity 
Rep
RII cross correlation 
 position vector 
 solid particle rate 
 image separation vector 
t time  
 time interval between two successive exposure 
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8 particle duration to travel 8 pixels 
 fluctuating velocity component 
 component of average velocity 
Umax flow maximum velocity 
 lag velocity  
up particle velocity 
V particle impingement speed 
Vi inlet flow velocity 
w interrogation area width 
 particle coordinate (image domain) 
 particle coordinate (real domain) 
 peak displacement 
xi space coordinate 
Greek symbols 
 dissipation rate 
 angle of impact 
 area ratio 
c contraction coefficient 
 cutting wear coefficient 
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ij kronecker delta 
m minimum light sheet thickness 
 density 
m density of target material 
 deformation wear coefficient 
k effective prandtl number for kinetic energy 
k effective prandtl number for dissipation 
 dynamic viscosity 
t turbulence viscosity 
eff effective viscosity 
 wavelength of light 
 correlation function 
Abbreviations 
2D2C PIV two dimensional two components PIV 
ANSI   American National Standard Institute 
BSP  British Standard Pipe 
CCD  Charged Couple Device 
CFD   Computational Fluid Dynamics 
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CW  Continuous Wave 
DPM   Discrete Phase Model 
FAC  Flow Accelerated Corrosion 
FOV  Field of View 
HWA  Hot Wire Anemometry 
IA  Interrogation Area 
IBM  Immersed Boundary Method 
ISO  International Organization for Standardization 
LDA   Laser Doppler Anemometry 
LDIE  Liquid Droplet Impingement Erosion 
LED  Light Emitting Diode 
MTC  Mass Transfer Coefficient 
PCC  Phantom Camera Control 
PRESTO Pressure Staggering Option 
PIV  Particle Image Velocimetry 
RSM Reynolds Stress Model 
SNR  Signal-to-noise-ratio 
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